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ABSTRACT
SURFACE MODIFICATION BY ADSORPTION OF MACROMOLECULES;
ORGANOSILANE/METAL OXIDE CHEMISTRY
SEPTEMBER 2006
iLKE ANAg. B.S., BOGAZiCI UNIVERSITY
M.S.. UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D.. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy
Poly(trifluoroethylene) (PF3E) irreversibly adsorbs to oxidized silicon and
covalently attached amine monolayers supported on silicon, producing hydrophobic thin
films in the thickness range of 8-40 A. The ultra-thin films of adsorbed PF3E were
characterized here by means of contact angle, ellipsometry and X-ray photoelectron
spectroscopy (XPS). Adsorption conditions such as reaction time, polymer concentration
and solvent composition were also investigated. The adsorption behavior of PF3E can be
explained by its ability to cr}'stallize and form hydrogen bonds with proton acceptors, due
to highly polar C-H bonds throughout the backbone.
The hydrogen bonding - directed layer-by-layer assembh" technique was used to
build muhilayers of poly(trilluoroethylene) (PF3E) and poly(4-\ inylp} ridine) (P4VP)
from methanol solution. It was difficult to build up layers subsequent to the second layer,
due to the replacement of an alread\- formed layer by the adsorbing polymer.
The remainder of this thesis describes the modification of metal oxide surfaces
with organosilanes. Silicon-supported titanium oxide is modified b\' the reaction of
vii
h\ dridosilane (Rj.nSiHn^i) in the vapor phase and in heptane solution at elevated
temperatures. Surfaces are characterized by contact angle measurements and XPS.
The preparation of hydrophobic alkylsiloxane layers on chromium surfaces by reaction of
organosilanes R3.nSiXn+i (where X=C1. OEt and H) was examined under two conditions:
(1) in the \apor phase and (2) in toluene in the presence of eth\ Idiisopropylamine
(EDIPA) using chloro- or ethox\'silanes, or in heptane using hydridosilanes. Surfaces
were again chai-acterized b\ contact angle analysis and XPS. Silicon-supported
alk\ lsiloxane la} ers are prepared b> the reaction of tri-n-hexylsilane and octylsilane in
the vapor phase, in toluene and in ScCO: at elevated temperatures, and octadecylsilane in
the vapor phase and in toluene solution. It is shown that the layer structure depends on
the reaction conditions. The kinetics of vapor phase reactions using tri-n-hexylsilane and
oct> Isilane and SCCO2 phase reaction using octylsilane are described.
viii
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CHAPTER 1
ADSORPTION OF POLY(TRIFLUOROETHYLENE)
1.1 Introduction
Adsoiption is a phenomenon in which molecules in solution spontaneously form a
concentrated layer at an interface, changing surface properties. Polymers readily adsorb
to solid surfaces^ creating a rather diffuse layer with polymer segments. The adsorption
of polymers (e.g. homo-, block and graft polymers) plays a vital role in many scientific
and teclmological applications such as colloid stabilization ""^(e.g. formulation of paints,
coatings, and printing inks), flocculation^ corrosion'"^, adhesion'^, and lubrication^.
The ultimate goal of polymer adsorption research is to fabricate materials with
tailored surface properties. To reach this goal we need to understand how the nature of
the polymer, the substrate, the t}'pe of solvent, and the concentration of polymer affect
the macroscopic properties of the interface. This field of research has received great
interest from experimental'^''''^ and theoretical groups'*^'"'"^ for mam- yeai's.
The McCarthy Group reported adsorption of the polar homopolymer poly(L-
lysine) (PLL) to a fluoropoh mer"^ / poly(tetrafluoroethylene-co-hexafluoroprop\ lene)
(FEP) surface / from aqueous solution, adsorption of thiol terminated polyst}Tene and
slyrene-propylene sulfide block polymers to a gold surface from tetrahydrofuran (THF)"^,
adsorption of terminally functionalized (-COOH and -OH ) polystyrenes on alumina and
silicon thin layers"^, and adsorption of poly(vinylalcohol) (PVOH) onto hydrophobic
surfaces from aqueous solutions"^ '^.
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The heterogenous (gas-solid) chlorination and fluorination of
poly(trifluoroeth)'lene) (PF3E) has been investigated (Figure 1 . 1 A) by Vipavee
Phuvamartnuruks"*^. Besides this report, there is no hterature reporting the use of
poly(trifluoroethylene) (PF3E) in surface modification.
A)
NHo NHoNHo
I I I
Poly(trifluoroethvlene) ii™™™
PF,E
Figure 1.1 Schematic representation of reactions of poly(trifluoroethylene) tiiin films
(A) and adsorption of poly(trifluoroethylene) (PF3E) onto silicon and a silicon-
supported covalently attached amine monolayer (B)
In this chapter, the adsorption of poly(trifluoroethylene) (PF3E) from solution
onto hydrophilic (bare oxidized silicon wafer) and slightly hydrophilic (silicon-
supported covalently attached amine monolayer) surfaces is described. (Figure 1.1 B).
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1.1.1 Homopolymer Adsorption
WTien a polymer molecule is brought in the vicinity of a surface, it will either be
attracted to the surface and form an adsorption layer, or be repelled from the surface and
form a depletion layer (Concentration near the surface is lower than in solution). Three
energetic contributions determine whether a polymer will adsorb to or deplete. They are
solvent- and polymer- segment interactions with the surface and with each other,
conformational losses of an isolated polymer chain incurred upon adsorption and
osmotic (crowding) effects in the adsorbed layer. The energy difference between the
polymer-surface interaction and polymer segment-solvent interaction is defined as
surface interaction parameter (exchange free energy) Xs"^"^'"''^- It is the energ>' that
makes the polymer adsorb to the surface by replacing a solvent molecule on the surface
with a polymer segment. This predicts a number of different results. High interaction
energy (exothermic) between polymer segments and the surface can drive the
adsorption. In another scenario both solvent and polymer interactions with the surface
can be endothermic (as is the case with many low energy solids), and the polymer can
adsorb. The choice of a solvent is ver>' important because a solvent with a high
interaction with the surface can prevent adsorption of the chain. When the polymer
chain is attached to the surface, the total number possible conformations decreases with
respect to a chain in solution, thus the conformational entropy of the polymer chain
decreases with respect to a chain in free solution. The entropy loss is described in terms
of a critical surface interaction parameter Xsc'^""'^^- The osmotic term (crowding term)
is determined by how much polymer segment density can be forced to the surface and it
tends to limit adsorption by diluting the polymer segments as much as possible. The
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adsoiption, which is a negative energ}' change, can take place if the surface interaction
parameter,
-/s. is greater than the critical surface interaction parameter, '/sc. which means
that loss of configiu'ational entropy upon adsorption is compensated by the gain of
enthalpy due to multiple polymer segment-surface interactions.
Polymers can adsorb on surfaces and have only a fraction of their segments on
the surface while a substantial fraction of segments is projecting into the solution. The
segments on the surface are termed trains, the ones with both ends in contact \\ ith the
surface are termed loops, and one or two tails can be present at the end of the adsorbed
molecule. The distribution of loops, trains and tails largely deteiTnines the physical
properties of the system, and this distribution varies with polymer concentration and
molecular weight of the polymer. The adsorbed amount per unit surface area. T,
fractional surface coverage, 6, and the bound fraction, p, can be measured
experimental 1}-. Spectroscopic methods such as infrared, nuclear magnetic resonance
and electron spin resonance spectroscopies illuminate adsorbed amounts and
configurations with the surface. Ellipsometr>' can be used to determine the amount of
the adsorbed amount and thickness on optically reflecting surfaces. Radiotracer labeling
followed by scintillation also can be used to determine the adsorbed amounts'''. Small-
angle neutron scattering^"' shows the spatial distribution of adsorbed layers and
determines the overall size of polymer chains. The layer thickness can also be
determined by the layer's hydrodynamic response by the viscosit}' change upon
adsorption or the change in solvent flux^^.
The theor\- of Scheutjens and Fleer {S&F)'^""' for homopolymers has been
shown to agree well with experimental results. They evaluated the partition function for
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a mixture of polymer chains and molecules near an interface assuming random mixing
within an adsorption layer (the mean field approximation) based on a quasi-cr\ stalline
lattice model. The theory can predict the distribution of individual chain segments, the
concentration profile due to the loops and tails, the root-mean squai"e layer thickness,
the numbers and average lengths of trains, loops, and tails, and the train, loop and tail
size distribution.
De Gemies'^^ scaling argument predicts polymer adsorption tendencies from
good solvents. In their theoiy. the\' took into consideration the correlations between
polymer segments, and claimed that the Scheutjens and Fleer theory doesn't consider
the swelling of a polymer chains in good solvent conditions or overlapped polymers in
concentrated solutions.
It was proven experimentally and predicted theoretically that homopohmer
adsorption can be enhanced by decreasing solvent qualit}' " (decreasing solvent-
polymer segment interaction) or increasing surface affinit}''^"^^ (increasing the
polymer segment-surface interaction).
1.1.2 Poly(trifluoroethylene)
Poly(trifluoroeth\ lene) (PF3E) is soluble in several solvents (e.g. THF. methanol
and acetone) and can be conveniently cast as a film or coating. It is a practical
precursor'*^* to fluoropolymers (PCTFE and PTFE) for surface or coating applications. It
is the least studied fluoropolymer, particularly with regard to its stereo- and
regioiiTegularit)'. It gained more attention after it was found"*'""*" that copolymers of
trifluoroeth\'lene and vinylidene fluoride are piezo- and pyroelectric over a range of
compositions and. additionalh'. displa>' distinct ferroelectric transitions that, so far
,
have not been seen in PVF2 itself. This has stimulated interest in the synthesis,
structure, cry stallization and properties of poly(trifluoroethylene).
1.1.2.1 Synthesis of Poly(trifluoroethylene)
Direct polymerization of trifluoroethylene using free radical polymerization
forms poh mers with regioiiTegular defects as a result of head-to-head and tail-to-tail
addition of monomeric units. Cais et al"*^ have proposed a synthetic route to isoregic
(stereochemical structure in which monomeric units have the same directional
orientations) PF3E by reductive dechlorination or debromination of the precursor
polymers, poly(bromotrifluoroethylene) or poly(chlorotrifluoroethylene). PF3E in this
stud}- was synthesized by the reductive declilorination of poly(chlorotrifluoroethylene)
in tetrahydrofuran (THF) at 65 "^C using azo(bisisobutyronitrile)(AlBN) as an initiator
and tribut}Ttin hydride (BusSnH) as a reducing agent. (Figure 1.2)
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Figure 1.2 Reductive dechlorination of poly(chlorotrifluoroethylene)
1.1.2.2 Properties of Poly(trifluoroethylene)
Even tiiough PFjE"*^ is essentially atactic, the polymer chains are able to
crystallize as a result of the similarit}' between C-F and C-H bond lengths, as well as the
van der Walls radii of fluorine and hydrogen. These elements behave isomoiphicalh' in
PF3E. allowing development of significant ciystallinity. The melting behavior of PF3E
reflects hs thermal history, polydispersity and molecular weight. Isoregic polymer with
fairly high molecular weight and low polydispersity displays a single melting
endotherm ranging from 175-180 °C that depends on crystallization temperature. The
glass transition temperature is reported as 30-40 "^C."*^ The structure and morphology of
the polymer have been studied by X-ray and electron diffraction. It has been shown that
variations in isoregicity from 86.2% to 98% have no effect on the crystalline structure
of PF3E. X-ray results show hexagonal packing of polymer chains with a diffuse
meridional reflection observed at 2.29 A. This indicates a disordered conformation
comprised of an irregular succession of TGTG and TT groups.
1.1.2.3 Adsorption of Poly(trifluoroethylene)
In the research studies reported here, adsorption of poly{trifluoroethylene)
(PF3E) from solution was chosen to fabricate thin coatings of poly(trifluoroethylene)
(PF3E) on oxidized silicon and covalently attached silicon-supported amine monolayers.
The polymer's abilit}' to cn stallize and form hydrogen bonds with proton acceptors
were two driving forces to stud}" the adsoiption of PF3E on different substrates. Since
PF3E does not contain specific functionaht}' which will promote the adsorption onto the
surfaces, two approaches can be chosen: (1) the addition of non-soh ent to the polymer
solution (that is dissolved in good solvent) to adjust the solvent quality or (2)
incorporation of polar functionality to polymer backbone. In this chapter, the first
approach is described to promote the adsorption on two different substrates.
Tetrahydrofuran (THF) and toluene were chosen as a good and non-solvent,
respectively.
1.2 Surface Analytical Techniques
1.2.1 X-ray Photoelectron Spectroscopy
X-ra>- photoelectron spectroscopy "*'' "^XPS. is a versatile surface analytical
technique that provides a total elemental analysis, except for hydrogen and helium, of
the top 10-200 A {depending on the sample and instrumental conditions) of any solid
surface which is vacuum stable or can be made vacuum stable by cooling. From
photoemission spectra, quantitative (surface concentrations) and qualitative (functional
group) information can be obtained. During an XPS experiment, a sample surface is
irradiated with monochromatic X-rays. X-ray photons transfer their energy to irmer-
shell electrons, forcing them to leave the surface of the sample. These electrons are
referred to as photoelectrons. (Figure 1
.3)
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Figure 1.3 Schematic Diagram ofXPS
The kinetic energy of the photoelectron is determined by the difference
between the X-ray photon energy (/71/) and the binding energy of the electron. Since
the kinetic energy of the photoelectron is measured experimentally, the binding energy
of the inner shells electrons can be determined by the following equation:
E,=hv-E,
where h is Planck's constant and v is the X-ray frequency. The element can be easily
identified due to the uniqueness of the binding energy of a particular shell of an atom
for each element. That is why XPS is also known as electron spectroscopy for chemical
analysis (ESCA). After the ejection of an electron from an inner shell of an atom, the
hole can be filled by an electron from the outer shell, releasing an amount of energy.
This energy can be emitted as a quantum of X-ray radiation (X-ra>' fluorescence) or the
energ}' can be given to another electron in the same level or a lower level. This electron
(Auger electron) is then emitted (Auger Emission) with a certain kinetic energy. The
kinetic energy of Auger electrons is also characteristic of the elemental composition and
independent of the excitation energy while depends on X-ra}' energy.
The photoelectrons can experience elastic and inelastic interactions due to
excitation of valance and inner electrons, as well as vibrational interactions. The
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inelastic interactions produce decreases in kinetic energy, which limits no-loss emission
to a mean depth of only a few atomic layers below the surface and makes the technique
surface sensitive. The intensit}^ of photoelectrons which show no loss in their kinetic
energ>' after trax eling a distance z can be shown by the follow ing equation'^ ^:
I
-I{z) = r exp
sin ^
where /' is the initial photoelectron energy. /i,(£'^.)is the attenuation length of
photoelectron with a certain kinetic energy E^. . and 6 the angle between the analyzer
and the surface. There are four distances to be defined. Inelastic mean free path is
defined to be the average distance (in nanometers) that an electron having a gi\'en
energy travels between successive inelastic collisions. Attenuation length, /i^ , is
defined to be the average distance (in nanometers) that an electron having a given
energy travels between successive inelastic collisions as derived from a model in which
the elastic electron scattering is assumed to be insignificant. The measm-ed attenuation
length is shorter than the inelastic mean free path by an amount depending on the
differential cross section for elastic scattering. The escape depth (c) is defined as the
distance normal to the surface at which the probability of an electron being emitted
without significant energy loss is e"' (36.8%) of its original value. It is equal to /l^, sin 0
.
Finally, the sampling depth is the distance (in nanometers) normal to the surface from
which a specific percentage of the detected electrons originate. Sampling depth is
usually taken as tliree times the escape depth (3/1^^ sin6') . Changing the 6 allows
characterization at various depths within the substrate.
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By measuring the relative intensities of photoelectron peaks with respect to
appropriate sensitivit>' factors, the atomic composition of the surface can be determined.
Small "chemical shifts" in binding energies are observed due to the chemical
environment of an element, since the binding energy is sensitive to the electronegativit}-
of the substituents. The more electronegative the substituents are. the higher will be the
binding energy of the peak. This difference in binding energies allows the identification
of functional groups.
1.2.2 Contact Angle Measurements -Wettabilit>'
Contact angle measurement is the simplest, but still powerful, surface
characterization tool. When a drop of liquid is placed on a solid surface and the surface
tension of the liquid is larger than the surface tension of the solid, it makes a defmite
angle of contact between the liquid and solid phases. Throughout this text, references to
contact angle will refer to this method of measurement which is termed the "sessile
drop" method. The contact angle" (Figure 1.4) is governed by force balance at the
three - phase boundary and defined by Young's equation:
ruCos0 = rsr-rsL
where /n the surface tension of the liquid in its saturated vapor, y^^^- is the surface
tension of the solid saturated with the saturated vapor of the liquid and j^^^ is the
interfacial tension between the solid and the liquid.
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Figure 1.4 Contact Angle Measurement by Sensile Drop Method
There are two t^'pes of contact angle: static and dynamic. A static angle, which
is determined by the equilibrium of interfacial tensions, is formed at a stationaiy liquid
front. A dynamic contact angle, which is the balance of interfacial driving force and
viscous force, is fonned at a moving liquid front. More accurate information about the
surface can be gathered through the use of dynamic contact angle. In a dynamic contact
angle experiment, the liquid is added to (adx ancing) and withdrawn from (receding) the
drop during the measurement of the angle. Dynamic contact angle is measured when the
three phase contact line is in motion. The advancing angle, which is the observed
maximum value, gives information about the surface functional groups and the surface
energy of a fresh surface which has not been changed by the probe liquid through
surface reconstruction or fluid adsorption. The receding angle, which is the observed
minimum value, and hysteresis, the difference between the advancing angle and
receding angle, together give information about surface heterogeneit}'. both chemically
and physically (roughness). Contact angle hysteresis is also a measure of liquid
dissolution of the surface, adsorption on the solid, and surface reorientation. Hysteresis
also plays an important role in determining hydrophobicit}''^"^. Together, much
information can be gained about the top couple of angstroms of the sample. Even more
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information can be assessed when dynamic contact angle data from a variet}' of probe
fluids are used.
Surface (dyne cm) Liquid y^j- (dyne/cm)
-CF3 (densely packed monolayer) 6 Ethanol 21.4
Poly(tetrafluoroethylene) 18.5 Tetrah>'drofuran 27.4
-CH3 (densely packed monolayer) 22 n-Hexadecane 27.6
Poly(vinylidene fluoride) 25 Eth}'lene Glycol 47.0
Polyethylene 31 Methylene Iodide 50.8
Poly(ethylene terephthalate) 43 Water 72.8
Si02(silicon surface) 73
Table 1.1 Critical Surface tension values for common polymeric surfaces and liquid
surface tensions for some liquid probe fluids at 25 °C'' "
^
Many researchers use contact angle data of water, methylene iodide, and n-
hexadecane to cover a broad range of liquid surface tensions. The critical tension of a
surface can be obtained if the values of cos (9 for a series of homologous liquids are
plotted against the surface tension of liquids (Zisman Plot). The intercept of the line at
cos(9 = 1 is the critical surface tension {/^ ). Table 1.1 shows the critical surface tension
values for common polymeric surfaces and surface tension values for common liquids.
A surface is completely wetted by a fluid v\ ith a surface tension equal to or less than the
critical surface tension.
1.2.3 Ellipsometry
Ellipsometr^'' is a common technique for detemiination of the thickness and
refractive index of thin homogeneous films. The sample thickness can be measured
from a few angstroms to microns. The advantages of this technique are that the
measurement does not require special conditions such as vacuum, heat and electron
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bombardment, and the presence of an optical liquid does not affect the resuks. In a
to pical ellipsometer. the surface is iiTadiated at a known angle of incidence with a
collimated beam of monochromatic light. If the surface contains a thin film and
substrate propeities are kno\\ n. the thickness and refractive index of the thin tilm can be
deduced. In order to make an accurate measurement, it is assumed that the film is
smooth and isotropic o\ er an area of 2 mm" to 10 mm'. A large difference between film
and substrate refracti\ e indices is important"^.
When a plane-polarized monochromatic light (p= angle of polarization) interacts
with the surface at some angle, it can be resolved into its parallel and perpendicular
components (s- and p- polarized, respectively). These components are reflected from
the surfaces in a different way; i.e., the amplitude and phase of both components are
changed. When s- and p- polarized light beams are combined, the result is elliptically
polarized light. A compensator changes the elliptically polarized light to plane polarized
light (a = angle of polarization). These two angles (p and a) give the phase shifts
between the parallel and perpendicular components (A) and the change in the ratio of
Figure 1.5 Ellipsometric determination of film thickness
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amplitudes of the two components (tan^ ). By applying fundamental physics, the basic
equation of ellipsometty can be derived:
/? = tan4^e'^
where A = 2/? + ;r/2 and 4^ = a and p is the ratio between and i\ . the reflection
coefficients of the p- and the s- polarized light, respectively. For a clean surface. A and
T are related to the complex index of reflection of the surface,
n =n(\-\r]
where n is the ordinary reflection index and k" is the extinction coefficient. The fit of
tan T and cos^ allows the calculation of thickness.
1.2.4 Atomic Force Microscopy
Atomic Force Microscopy^^ (AFM) can produce three-dimensional images of
solid surfaces at very high resolution. An advantage of using an atomic force
microscope is that it can image non-conducting materials such as ceramics and
polymers. A typical AFM consists of a piezoelectric scanner, which controls the
scanning motion, an optical head, which senses the cantilever detection, and a base,
which supports the scanner, the head and includes a circuit for detection.
AFM operates b}' scanning across the surface with a sharp tip mounted on a soft
cantilever spring. The cantilever and tip are microfabricated from silicon, silicon oxide,
or silicon nitride. AFM operates in two modes: Contact mode and Tapping mode.
Contact mode AFM operates by scanning a tip attached to the cantilever across the
sample surface while monitoring the change in cantilever deflection with a split
photodiode detector. Tapping mode AFM operates by scanning a tip attached to the end
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of oscillating cantilever across the sample surface. The tip lightly "taps" on the surface
during scanning, contacting the surface at the bottom of its swing. The surface damage
is less in tapping mode.
1.3 Experimental
1.3.1 Materials and Methods
All materials were used as obtained unless mentioned otherwise.
Poly(chlorotrifluoroethylene) (PCTFE) powder (3M Kel-F 81 ) was obtained from 3M.
Tributyltinhydride (BusSnH). azo(bisisobutyronitrile) (AIBN),
aminoprop\idimeth\ lethoxysilane (xAPDMES). anhydrous tetrahydrofuran (THF) and
anhydrous toluene were obtained from Aldrich. Hexane (HPLC grade) and heptane
(HPLC grade) were purchased from Fisher. Silicon wafers were obtained from
International Wafer Service (<100> orientation. P/B doped, 20-40 Q. cm, thickness 450-
575 |im) and cleaned by a HaiTick Scientific O: plasma cleaner at high power settings
for 5 minutes prior to use. The oxide layer on the wafers after plasma treatment was
detennined to be -25 A by ellipsometn . Water was purified using a Millipore Milli-Q
I Q
water system that im olves reverse osmosis, ion exchange and filtration steps (10
Q/cm). Products obtained after synthesis were dissolved in THF and analyzed by ^^F
NMR on a Bruker DPX300. Gel permeation chromatography (GPC) was performed
with a Polymer Laboratories LCI 120 high performance liquid chromatography (HPLC)
pump equipped with a Waters differential refractometer detector. The mobile phase was
tetrahydrofuran (THF) with a flow^ rate 1 mL/min. Transmission Infrared spectra (FT-
IR) w^ere recorded on a Bio Rad FTS 1 75C FT-IR spectrometer equipped with a
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mercun' cadmium telluride (MCT) detector. Differential scanning calorimetr}' (DSC)
measurements were performed using a TA Instruments 2190 DSC under nitrogen gas
flow. The heating rate was 10 °C/min. Thermogravimetric analysis was performed on a
Dupont TGA 2950. X-ra}' photoelectron spectra (XPS) were obtained on a Physical
Electronics Quantum 2000 Scamiing ESCA Microprobe. Depth profiling was done by
collecting spectra at 1 5*^ and 75'' take-off angles with respect to the plane of the sample
surface. The analysis at 15° has a penetration depth of -10 A and that at 75" corresponds
to a penetration depth of -40 A. Contact angle measurements were made with a Rame-
Hart telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle.
Water was used as a probe liquid. Advancing and receding contact angles were recorded
while the water was added and withdrawn from the drop, respectively. Ellipsometric
measurements were done using a Rudolph Auto El-II automatic elipsometer. The light
source is He-Ne laser (/I = 623.8 nm) , the incident angle is 70° and the compensator is-
45°. The thicknesses were calculated using the transparent double layer model using a
dafBM software (silicon substrate / silicon oxide + APDMES layer / PF3E /air and
silicon substrate / silicon oxide + PF3E / air) with the following parameters: silicon
substrate = 3.858, = 0.018 (imaginary part of the refractive index): air. 1:
PF3E, = 1.42: silicon oxide + APDMES layer: = 1.462. AFM images were
obtained with a Digital Instruments Dimensions 3100 scanning probe microscope with a
NanoScope III controller operated in tapping mode.
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1.3.2 Synthesis of Poly(trifluoroethylene)
22.7 g (0.078 mol) BU3S11H in 1 12 mL THF solution and 1.2 g AlBN (0.0073
mol) in 30 mL THF solution were added to a nitrogen-purged round bottom flask
containing 6 g PCTFE (0.052 mol. Mn-700.000-800.000) respectively. The mi.xture
was refluxed at 65-70 ''C for 24 hours. An additional 1 .2 g AIBN in 30 mL THF was
added to the mixture after the reaction had proceeded for 12 hours. The product was
precipitated in 600 mL cold hexane (in dry ice) and purified b}- Soxhlet extraction using
heptane for a day. The product was dried under vacuum at 80 ''C for 48 hours. The
obtained product and reaction yield were 3.5 g and 82% respectively.
1.3.3 Preparation of Silicon-Supported Amine Surfaces
Silanization with aminoprop>idimeth\'lethoxysilane {APDMES) was perfomied
in the vapor phase at 70 °C for a day using - 0.5 mL of silane. There was no contact
between the liquid silane and the cleaned silicon wafers. After silanization, the wafers
were rinsed with toluene. 2-propanol. ethanol and water (in this order) and dried under
vacuum at room temperature for half an hour. (Figure 1 .6).
/7\
OH EtO
Vapor Phase
70 "C
Figure 1.6 Reaction scheme for the preparation ofNH^-terminated covalently attached
monolaj ers supported on silicon
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1.3.4 Preparation of Poly(trifluoroethylene) Films
PF3E (5 mils) films were prepared on glass microscope slides by casting a
THF solution of PF3E (5% mg/mL) with an application blade. The slide was put in a
Petri dish and the Petri dish was covered with aluminum foil with holes to let the
solvent slowly evaporate at room temperature overnight. Films were dried in a vacuum
oven at 75 ''C for 24 hours.
1.3.5 Adsorption Studies
PF3E solutions of different concentration in THF and THF:Toluene mixtures
(25:75; 50:50; 30:70) were prepared. PF3E solutions in THF:Toluene mixtures were
made by addition of the desired amount of toluene to a homogenous solution of PF3E in
THF. PF3E dissolves in THF very slowly upon heating so the solutions were prepared a
day prior to adsorption studies and toluene was added at the last minute. Substrates
were submerged in the PF3E solutions at room temperature for 24 h. Then the samples
were rinsed with the same solvent used for adsorption, and dried under vacuum
overnight. Desorption studies were done by immersing the samples (adsorption from 1
mg/mL THF solution) in THF for 24 h. PF3E is irreversibly attached to the silicon
surface and no desorption is observ'ed after exposure to THF fora day.
1.4 Results and Discussion
1.4.1 Synthesis and Characterization of Polytrifluoroethylene
PF3E is synthesized by the reductive dechlorination of
poly(cholorotrifluoroethylene) (PCTFE) (Figure 1.2). This radical reaction is conducted
in THF at 65 °C where AIBN and tributyltin hydride are used as an initiator and
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reducing agent respectively. An excess molar ratio of lritinbut}i hydride is used to
assure the complete dechlorination. The weight of the obtained product and yield of the
reaction were 3.5 g and 82% respectively. The product had a weight average molecular
weight (M„) of 570.000 and a polydispersit}' of 1.3 by gel permeation cliromatography
(GPC). PF3E is thennalh stable up to 440 ''C. as indicated by themial
gra\ imetric analysis (TGA) (Figure 1.7) Differential scanning calorimetiy was used to
anah ze the melting transitionof the polymer (DSC, using a 10 °C/min heating rate,
under nitrogen in the range of room temperature to 250 °C). Tm was -177.40 '^C. (Figure
1.8) The glass temperature (Tg), which was expected to be in the range of 30-50 °C.
was not observed b>- DSC analysis.
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Figure 1.7 Thermal gravimetric analysis of poly(trifluoroethylene)
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Figure 1.8 Differential Scanning Calorimetry profile of poly(trifluoroethylene)
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Figure 1.9 Infrared spectrum of solution-cast poly(trifluoroethylene)
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Complete dechlorination can be confirmed by the absence of the 950 cm"'
absorbance to the C-Cl vibration in the infrared spectrum of poly(trifluoroeth\iene).
(Figure 1 .9). A small peak at at ^3000 cm"^ on the spectrum is due to the C-H stretching.
The other bands that are obser\ able in the spectrum at 1399 and at 1 192-1 102 cm"' are
due to the stretching of C-F and out-of-plane defomiation of CF: units on the polymer
backbone, respectiveh'.
Figure 1.10 shows the '"^F NMR Spectra of poh (trifluoroethylene). The
spectrum shows two peaks of interest that are assigned to two kinds of fluorine atoms
such as -CHF-CF 2- CHF- and -CF2-CHF -CF:-. The absence of peaks, due to head-to-
head or tail-to-tail addition (such as-CFH-CF%-CF2-CFH- or -CF2-CHF*-CFH-CF2-
)
of the monomeric units tlii'oughout the reaction, proves the isoregic character of the
polymer.
Figure 1.10 '''F NMR spectra of poly(trifluoroethylene)
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Figure 1.11 XPS survey and Cis high resolution spectra of PCTFE (A.C) and PF3E
(B.D) fihns analyzed using 75° take-off angle
Figure 1.11 shows the XPS survey and Cis spectra of PF3E and PCTFE solution
cast films at 75'' take-off angle. The stoichiometr>' of the PF3E product deduced from
quantitative XPS (75° take-off angle) is C=29.1%. F=70.8% 0=0.2% Sn~0% and
Cl--%0. (Table 1.2) This stiochionietr>' and the disappearance of the Cl^p peak prove the
complete removal of residual tin compounds (BusSnCl and unreacted BusSnH) and
complete dechlorination. The Cis peak of PCTFE appears as a broad spectrum which is
a combination of carbons from CF2 and CFCl. This broad spectrum (Figure- 1.1 1-C)
turns into a spectrum (Figure- 1.1 1-D) which consists of two peaks at 289.25 eV
(47.65%) and 291.47 eV (52.35%) that correspond to (-FC*HCF:-)„ and (-FCHC*F2)n
carbons respectively after dechlorination.
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XPS atomic concentration (%)"
QJQrC) a (mil)
C F O CI Sn
94/68 5 29.1 70.8 0.2 -0 -0
^ 75'' take-off angle data
Table 1.2 Water contact angle (6a/0r). thickness ( X) and elemental composition of
solution-cast poly(tnfluoroethylene)
PF3E films were prepared as explained in experimental section. The films are
transpai"ent. colorless, and flexible. The PF3E film exhibits contact angles of
94°±2°/68°±2°. Our dynamic contact angle data is ver\' close to the static angle (92°)
data obtained by Neumaim and coworkers using a computer program, which
evaluates in terms of solid surface tensions using experimental contact angle patterns.
1.4.2 Adsorption Studies
1.4.2.1 Kinetics of Adsorption
Figure 1.12 and 1.13 show the kinetics of adsorption of PF3E to Si/Si02 from
THF solution containing 1 mg/mL PF3E at room temperature determined by
ellipsometiT and XPS measurements respectively. Ellipsometry results (Figure 1.12)
show that the adsoiption is not very fast and reaches its final state in 8 hours. It is ven.'
hard to control thickness of PF3E from THF solution and results are not reproducible.
24
16-|
14-
12-
< 10
8-1
10
c
o
H
6-
4-
2-
0 -I r- « I ' r ' I
0 10 20 30 40 50
Reaction time (h)
Figure 1.12 Kinetics of adsorption of PF3E (1 mg/niL) to Si/SiO: from
(100;0):(THF:Toluene) mixture determined by ellipsometry
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Figure 1.13 Kinetics of adsorption of PF3E (1 mg/mL) to Si/SiO: from
(100:0):(THF:Toluene) mixture determined by XPS (F/Si is calculated from XPS
composition data at 75"^ take-off angle)
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The adsorbed amount is detemiined by the ratio of F/Si calculated from XPS
composition data at 75° take-off angle. (Figure 1.13) Unlike elllipsometiy results. XPS
results show that the adsorption is \'ery rapid but the adsorbed amount does not reach a
plateau and decreases and increases without am- trend. This also supports the idea that it
is ver>' hard to control the adsorbed amount and the tliickness of PF3E from THF
solution.
The kinetics of adsorption of PF3E from (50:50);(THF:Tolune) and
(30:70):(THF:Tolune) mixtures was not studied. 24 hours was chosen to study the effect
of solvent qualit}' and effect of concentration on adsorption. (One day of adsorption
time was found to be the most reproducible.)
1.4.2.2 Adsorption Isotherms
The effect of concentration on PF3E adsorption onto Si/SiO: from
(10:0);(THF:Toluene). (50:50);(THF:Toluene). and (30:70);(THF:Toluene) solutions
were investigated by XPS. contact angle measurements and ellipsometry. The
adsorption isotherms are presented as a change in F/Si ratio determined by XPS analysis
after one da\' adsorption as a function of solution concentration. (Figure 1 . 1 4) In all
cases, the F/Si ratio is constant until high polymer concentration and then increases
significantly except for the (50:50);(THF:Toluene) solution. At lower concentrations,
PF3E adsorbs to silicon surfaces whereas at higher concentrations the polymer
precipitates from the solution. As the qualit}^ of solvent decreases, the adsorbed amount
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increases in the regime of adsorption as assessed by XPS analysis. The increase is more
pronounced at higher toluene concentrations.
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Figure 1.14 F/Si ratio (calculated from XPS composition data at 75° take-off angle) of
PF3E adsorbed to Si/SiO. from (100:0);(THF:Toluene) (). (50:50):(THF:Toluene) (o)
and (30:70):(THF:Toluene) ( A ) mixtures as a function of PF3E concentration at room
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Figure 1.15 EUipsometric thickness of PF3E adsorbed to Si/Si02from
(100:0);(THF:Toluene) (). (50:50);(THF:Toluene) (o) and (30:70):(THF:Toluene) ( A)
mixtures as a function of PF3E solution concentration at room temperature
27
Figure 1.15 shows the ellipsometric thickness of adsorbed PF3E layers on
Si SiO: as a function of PF3E concentration from (100:0);(THF:Toluene).
(50:50):(THF:Toluene) and (30:70);(THF:Toluene) mixtures at room temperaaire. It
was found out that concentration does not ha\ e an effect on PF3E adsorption onto
Si/SiO: in all cases. Fhe adsorbed la^ er thickness remains nearly the same in all cases as
the concentration of PF3E increases.
Ellipsometr} resuhs also support that the adsoi-ption of PF3E onto Si/SiOi
surfaces can be enlianced b}- the addition of toluene (non-solvent) to the PF3E that is
dissolved in THE (good solvent). Addition of toluene (non-solvent) to PF3E that is
dissolved in THF (good solvent) decreases the solvent-polymer interaction and this
enhances the adsorbed amount.
Figure 1.16 shows the advancing and receding contact angle results as a function
of PF3E concentration from ( 100:0):(THF:Foluene), (50:50);(THF:Toluene) and
(30:70);(THF:Foluene) mixtures at room temperature. In all cases, advancing and
receding contact angles increase from low concentration to high concentration and
become constant as the concentration increases. As the solvent quality decreases, the
advancing contact angles increase and receding contact angles remains the same at
higher concentrations. High contact angle hysteresis shows that the PF3E surfaces are
rough and the surfaces become rougher as the solvent quality decreases. The advancing
contact angle results from (30:70):(THF:Toluene) mixture at higher concentrations
become similar to the solution cast PF3E film, and this indicates that the adsorbed PF3E
thickness has reached the sampling depth of contact angle.
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Figure 1.16 Advancing (•) and receding (c) contact angle data for PF3E adsorbed to
Si/SiO: from (100:0):(THF:Toluene) (A). (50:50);(THF:Toluene) (B),
(30:70);(THF:Toluene) (C) mixtures at room temperature as a function of PF3E
concentration
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Figure 1.17 AFM images (5x2.5 jam) of a clean silicon wafer (A) and PF3E adsorbed to
Si/SiO: from 1 .5 mg/mL solution as a function of solvent composition (B)
(100:0):(THF:Toiuene). (C) (50:50):(THF:TolueneMD) {30:70):(FHF:Foluene)
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Figure 1.17 shows the AFM pictui^es of a clean silicon surface and PF3E
adsorbed to Si/SiO: surface from 1 .5 mg/mL solution as a function of non-solvent
(toluene) composition (B) (100:0);(THF:Toluene), (C) (50:50);(THF:Toluene), (D)
(30:70):(THF:Toluene). As the composition of the toluene increases, a change in the
surface images is observed. The AFM pictures in B and C don't really confirm that we
have a continuous layer of PF3E on the surfaces. The continuous layer formation is
observed when the adsorption is done from (30:70);(THF:Toluene) mixture. From the
AFM pictures it can be concluded that, as the solvent quality decreases, the PF3E layers
become continuous on the Si/Si02,
1.4.3 Preparation of Amine Surfaces
The amine monolayer supported on silicon was prepared by the reaction of n-
aminopropyldimethylethoxysilane in the vapor phase. (Figure 1.6) The reaction occurs
between silanol groups on the surface and APDMES. and ethanol is the by product. The
reaction can be proven by the appearance of nitrogen on the surfaces. The amine
surfaces exhibit advancing and receding contact angles of 75'737°and the thickness of
the amine monolayer is 8 A. (Table 1.3)
Surface Ba/Or C) X{A)
XPS atomic concentration (Vof
c N 0 Si
57.50 3.07 22.46 13.87
18.14 1.80 37.06 42.00
Si02-APDMES 75/37 8.1
upper row is 15" take-off angle data and lower row is 75" take-off angle data
Table 1.3 Water contact angle (6a/6r). ellipsometric thickness (X) and elemental
composition of amine monola} er supported on silicon
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1.4.4 Adsorption of PF3E on Amine Surfaces
The adsorption of PF3E (2 g/mL) on silicon-supported covalently attached amine
monola} er was studied as a function of solvent quality. The adsorbed amount
(detemiined by XPS) is plotted in figure 1.1 8 as a function of solvent quality. The
adsorbed amount on amine surfaces is more than on the silicon surfaces, due to the
strong interactions betw een the amine surface and PF3E tlii'ough h\'drogen bonding. As
the solvent qualit\- decreases, an increase in the adsorbed amount is observed.
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Figure 1.18 F/Si ratio (calculated from XPS composition data at 75*^ take-off angle ) for
PF3E adsorbed to Si/Si02-APDMES from 2 mg/mL PF3E solution as a function of
solvent composition
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Figure 1.19 High resolution XPS spectra of the Cis signal (75"' take-of angle) of
Si/Si02-APDMES surface (A) and PF3E adsorbed to Si/sl02/APDMES from 2 mg/mL
solution as a function of solvent composition (B) (100:0):(THF:Toluene). (C)
(75:25);(THF:Toluene). (D) (50:50);(THF:Toluene). (E) (35:65);(THF:Toluene)
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Figure 1.20 Advancing (•) and receding (c) contact angle data for PF3E adsorbed to
Si, Si02-APDMES from 2 mg/mL PF3E solution as a function of solvent composition
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Figure 1.21 Ellipsometric thickness of PF3E adsorbed to Si/SiO:-APDMES from 2
mg/niL PF3E solution as a function of solvent composition ( • and c represent the
results from two sets of experiments under the same conditions)
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Figure 1.19 shows the high resolution XPS spectra of the ds signal (75° take-of
angle) of Si/Si02-APDMES surface and PF3E adsorbed to Si/Si02/APDMES from 2
mg/mL solution as a function of non-solvent composition. Two new peaks appear at
higher binding energy after adsorption of PF3E. The peaks at -289 eV and -291 eV are
due to (-FC*HCF2-)n and (-FCHC*F2-)n carbons respectively. Figure 1.20 shows the
advancing (0a) and receding (Or) contact angle data as a function of non-solvent
composition on amine surfaces. The advancing contact angle (Oa) did not change as the
non-solvent composition increased on Si02-APDMES-PF3E surfaces because the
contact angle sampling depth was reached before the addition of non-solvent. The
contact angle of an amine-PFsE surface (adsorption from THE solution) was 90744°
(Ga/Or), which is similar to the solution cast PF3E films contact angle data 94768°
(Oa/Or). The difference between receding angles indicates that the PF3E layers on amine
surfaces are rougher than the free standing PF3E films. The thickness of PF3E layers on
amine surfaces changes between 14-27 A as the solvent quality changes. (Figure 1.21).
1.5 Conclusions
Poly(trifluoroeth>'lene) was prepared by reduction of poly(chlorotrifluoro-
ethylene). The properties of solution-cast PF3E films were im estigated. PF3E films
show hydrophobic character and the films are transparent, colorless and easily
drawable. It is also shown that PF3E irreversibly adsorbs to oxidized silicon wafers and
covalently attached amine monolayers supported on silicon. The covalently attached
amine monolayer supported on silicon is prepared by reaction ofAPDMES in the vapor
phase. By controlling the solvent qualit>'. the adsorbed amount on the surfaces can be
35
controlled. The adsorbed amount on the amine surfaces is higher than the adsorbed
amount on SiO: due to the stronger h\'drogen bonding interactions between the surface
amine groups and highly polar C-H groups throughout the polymer backbone.
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CHAPTER 2
HYDROGEN BONDING - DIRECTED LAYER-BV-LAYER ASSEMBLY OF
POLY(4-VINYLPYRIDINE) AND POLY(TRIFLIJOROETHYLENE)
2.1 Introduction
The layer-by-layer (LbL) assembly process, which was introduced by Decher
et.al', is a method for preparing multilayer ultrathin films by alternating the deposition of
oppositely charged polymers from dilute aqueous solutions onto charged surfaces. Layer-
by-la} er assembh' produce has been intensively investigated in recent years'"^ due to its
simpilict}-. \ ersatilit}'. and s\ stematic control o\ er the structure and thickness of the
resulting niultila> er. In addition, a variet\ of materials can be used in LbL studies such as
small organic molecules\inorganic compounds^"'^. proteins'°^^ DNA^" and colloids.*"
LbL assembled films have a variet}- of proposed applications including as biosensors'" **^.
light emitting diodes and photovoltaic cells . optical strorage devices and magnetic
films''^"'', separation membranes and chromatopgraphy columns'" controlled particle
and catalyst preparation"^'"^, etc."'^
Different substrates, from inorganic to polymeric ones, have been used to
prepare multilayer assemblies. Depending on the application, the multilayer can be
fabricated on planar surfaces, latex particles, or custom surfaces. It has been reported that
multilayers can be grown on defined areas of patterned surfaces." Inorganic
substrates include fused quartz, silicon single crystals, and glass. For instance, a
positively charged surface can be produced on a glass surface by reaction of silane
coupling reagent containing an amine group' "^ "°. In the McCarthy group, layer-by-
layer deposition has been performed by using poly(4-methy 1-1 pentene) (PMP)"',
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poly(ethylene terephthalate) (PET)^", poly(chlorotrifluoroethyelene) (PCTFE)"'^, low
density polyethylene (LDPE)'"^ and Teflon (PTFE)'^ as polymeric substrates.
The driving forces for LbL assembly are primarily electrostatic and covalent
bonds, charge transfer interactions and van der Waals interactions. Hydrogen bonding
as the driving force of LbL self-assembled films was first introduced by Rubner et. al.'^
and Zhang et. af^. Multilayer assemblies were produced by successively alternating the
deposition of two kinds of polymers, one with hydrogen donating groups and the other
with hydrogen accepting groups. "^ ^^"^^ Rubner er.al'^ reported LbL assembly of
polyaniline with a variety of different nonionic water soluble polymers
(poly(vinylpyrolidine), (poly(vinyl alcohol). poly(acr}lamide) and poly(ethylene
oxide)). The hydrogen-bonding-directed layer-by-layer assembh' has advantages over
the electrostatically formed polyelectrolyte multilayers. The multilayer formation can be
obtained in organic solvents and it facilitates the preparation of multilayers using
nonionic and water insoluble polymers. The layer structure in multilayer materials can
be controlled readily by altering the relatively weak hydrogen bonds between the
layered films. Erasable hydrogen bonded multilayers containing weak polyacids were
prepared by Granik et ah . ^'^'^'^ The layers assembled at low pH and dissolved at higher
pH because of the increasing ionization degree of weak polyacids.^^""**^ Li^ii^et. al.
prepared polymer and nanocomposite multilayers based on hydrogen bonding. Thermal
and photochemical techniques were used to stabilize hydrogen-bonded multilayers, and
by using this technique, micro-patterned surfaces were produced. The competitive role
of hydrogen bonding and electrostatic interactions in the growih and stabilit}' of
polyelectrolyte multilayers over a wide range ofpH were reported by Sukhish\ ili et. al.
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Caruso et. al. reported the preparation of heterogeneous muhilayer fihns comprised
of ahemating stacks of hydrogen bonded (poly-4-vinylpyridine) (P4VP) and
poly(acr>4ic acid, sodium salt) (PAA) and electrostatically fonned (poly(sodium 4-
styrenesulfonate) (PSS) and poh (alh amineh> drochloride) (PAH) layers via LbL
assembh' techniques and their high pH sensitivity toward deconstruction."*' Hydrogen
bonding - directed pol\ (4-vinylp>Tidine)/poly(4-\ inylphenol) (P4VP/PVPh) multilayer
films were prepared by the LbL assembl} process from ethanol solutions. "^^
The multilayer structures can be controlled by different factors. Among these
factors. pH \ alues " and ionic strength of adsorption solutions are important in
multilayer assembh' based on electrostatic interactions. In multilayer assemblies based
on hydrogen bonding, var}dng the solvent composition provides an additional means to
control the multilayer structure. The structure and properties of hydrogen bonding -
directed multilayer films of P4VP/PVPh were tuned by Zhang et. al when the the
solvent composition of the adsorption solutions was changed.^"*
Polymers containing tertiary amine groups are good proton acceptors because of
the basic nature of the functional groups. Poly(4-vinylpyridine) (P4VP) is one of
thestronger proton acceptors with a basic nitrogen at the 4-position of pyridine ring. The
abilit}' of P4VP to interact through hydrogen bonding was used to prepare micelles with
modified styrene in a selective solvent"*^, spherical micelles with poh'(ethyelneglycol)-
block-poly(acr>'lic acid)^^.In addition . P4VP forms miscible blends with poly(amide-
enaminonitrile).^^ Poly(trifluoroethylene) (PF3E) is capable of forming h\ drogen bonds
with proton acceptors due to the highly polar carbon-hydrogen bonds throughout its
backbone.
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Figure 2.1 Schematic representation poly(trifluoroethylene) (PF3E) and poly (4-
vinylpyridine) (P4VP) adsorption onto Si/SiO: from methanol solution at room
temperature and subsequent layer-by-layer deposition by alternating the deposition of
P4VP and PF3E
In this chapter, the layer-by-layer assembh- of PF3E and P4VP by alternating the
deposition of P4VP (hydrogen bonding - accepting group) and PF3E (hydrogen bonding
- donating group) from methanol solution is described. Methanol is a good solvent both
for P4VP and for PF3E.
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2.2 Experimental
2.2.1 Materials and Methods
All reagents were used without further purification. Poly(trifluoroethylene) was
synthesized as described in Chapter 1. Poly(4-vinylpyridine) (P4VP) (M^ = 160.000
g, mol). was obtained from Aldrich. Methanol (HPLC grade) was purchased from
Fisher. Silicon wafers were obtained from International Wafer Service (<100>
orientation. P/B doped, 20-40 Q. cm. thickness 450-575 jam) and cleaned by a HaiTick
Scientific O2 plasma cleaner at high power settings for 5 minutes prior to use. The oxide
layer on the wafers after plasma treatment was determined to be -25 A by ellipsometry.
Water was purified using a Millipore Milli-Q water system that involves reverse
osmosis, ion exchange and filtration steps (10 £^/cm). X-ray photoelectron spectra
(XPS) were obtained on a Physical Electronics Quantum 2000 Scanning ESCA
Microprobe. Depth profiling was done by collecting spectra at 1 5*^ and 75'^ take-off
angles with respect to the plane of the sample surface. The analysis at 1 5° has a
penetration depth of -10 A and that at 75*^ corresponds to a penetration depth of -40 A.
Contact angle measurements were made with a Rame-Hart telescopic goniometer and a
Gilmont syringe with a 24-gauge flat-tipped needle. Water was used as a probe liquid.
Ad\ ancing and receding contact angle were recorded while the water was added and
withdraw n from the drop, respectiveh . Ellipsometric measurements were done using a
Rudolph Auto El-II automatic elipsometer. The light source is He-Ne
laser(/l = 623.8 nm) . the incident angle is 70° and the compensator is -45'\ The
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thicknesses were calculated using the transparent double layer model using a dafBM
software (silicon substrate / silicon oxide + PF3E /air. silicon substrate / silicon oxide +
P4VP/ air, silicon substrate / silicon oxide + P4VP / PF3E / air and silicon substrate /
silicon oxide + PF3E / P4VP / air) with the following parameters: silicon substrate =
3.858, =0.018 (imaginary part of the refractive index); air, ;7^= 1; PF3E, = 1.42;
P4VP; = 1.549.
2.2.2 Adsorption of Poly(4-vinylpyridine)(P4VP) and Poly(trifluoroethylene)
(PF3E) to Silicon Surfaces
1 mg/mL (0.0122 M, based on repeat units) PF3E and (0.0082 M. based on
repeat unit) P4VP solutions in methanol were prepared. Adsorptions were carried out at
room temperature for 24 hours. The clean silicon wafers were placed in polystyrene
vials and PF3E or P4VP solution ( 1 mL) was added. After the adsorption, the wafers
were rinsed with methanol. Samples were dried under reduced pressure at room
temperature for 2 hours. Desorption studies were done by immersing the samples in
methanol for a day.
2.2.3 Adsorption of Poly(4-vinylpyridine)(P4VP) to Poly(trifluoroethylene) Surface
(Si/Si02-PF3E)
P4VP solutions of different concentrations in methanol were prepared. The
samples (Si/Si02-PF3E) were placed in polystyrene vials and P4VP solutions were
added (1 mL). Adsorptions w^ere carried out at room temperature for a desired amount
of time. After the adsorption, the wafers were rinsed with methanol. Samples were dried
under reduced pressure at room temperature for 2 hours.
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2.2.4.Adsorption of Poly(trifluoroethylene) (PF3E) to Poly(4-> inylpyridine) Surface
(Si/Si02-P4\P)
PF3E solutions of different concentrations in methanol were prepared. The
samples fSi/SiO:-P4VP) were placed in polystyrene vials and P4VP solutions were
added (1 niL). Adsorptions were carried out at room temperature for a desired amount
of time. After the adsorption, the wafers were rinsed \\ith methanol. Samples were dried
under reduced pressure at room temperature for 2 hours.
2.2.5 Multilayer Preparation
The multilayers were prepared by subsequent adsorption of polymers at room
temperature for a desired amount of time by the same procedures mentioned above.
2.3 Results and Discussion
Initially, thin layers of poh (trifluoroethylene) (PF3E) and poly(4-viynlpyridine)
(P4VP) on silicon wafers were prepared from 1 mg/mL methanol solution. Adsorptions
were caiTied out at room temperature for 24 hours. The Si02-PF3E and Si02-P4VP
samples exhibit contact angles of 81°/3O°(0a/Or) and 62*^/9*^ (6a/0r) and thicknesses of
10 A and 9 A, respectively (Table 2.1). The desorption experiments were performed by
immersing the samples in methanol for a day. Thickness and XPS atomic composition
data prove that the PF3E and P4VP irreversibly attach to silicon surfaces. Figure 2.2 and
Figure 2.3 show the XPS survey spectra and high-resolution spectra of Cis signals of
SiO:-PF3E and SiO:-P4VP at 15'' and 75"^ take-off angles, respectiveh . Appearance of
fluorine (after PF3E adsorption) and nitrogen (after P4VP adsoi-ption) on the surfaces
support the formation of polymer layers on the silicon surface.
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^ ^ , „, . , XPS Atomic CompositionContact angle Thickness
^
... .
—
15° 75° 15° 75°
c-n DT7 c,,.^ 10 31.70 20.00S1O2-PF3E 81/.0 ,835c 1553c -
Si02-P4VP^ 62/9 - -
I'-^l^
Si02-PF3E^+P4VP^ 76/11 23 19.25 10.70 3.90 2.55
Si02-P4VP'+PF3E'' 71/11 24 11.30 4.60 3.10 2.90
adsorptions were carried out at room temperature for 24 h
adsorptions were carried out at room temperature for 4 h
' after adsoiptions were carried out, the wafers were left in methanol for 24 h
Table 2.1 Water contact angle (9a/6r), thickness (k) and elemental composition of
poly(trifluoroethylene) adsorbed from methanol at room temperature onto Si/SiO: and
Si/Si02-P4VP and poly(4-vinylpyridine) adsorbed onto Si/Si02 and Si/Si02 -PF3E from
methanol at room temperature
Adsorption of P4VP from 1 mg/ml methanol solution at room temperature to a
Si02-PF3E surface decreases the contact angles of the la\ er to 7671 1° and increases the
thickness by 1 3 A. Adsorption of PF3E from 1 mg/ml methanol solution at room
temperature to a Si02-P4VP surface increases the contact angles of the layers to 71/1
1
and increases the thickness by 15 A. (Table 2.1) Figure 2.4 shows the XPS survey
spectra and high resolution the Cis spectra of a SiO:-PF3E-P4VP surface. The
appearance of nitrogen on the surface after P4VP adsoiption and the decrease in
fluorine content support the adsorption of P4VP on PF3E. (Table 2.1 and Figure 2.4).
XPS survey spectra and high resolution Cis and Nis spectra of a Si02-P4VP-PF3E
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Figure 2.2 XPS surve>' and high resolution Cis spectra of poly(trifluoroethylene)
{ 1 mg/mL) adsorbed to Si/Si02 from methanol at room temperature
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Figure 2.3 XPS survey and high resolution Cis spectra of
poly(4-viynlpyridine) ( 1 mg/mL) adsorbed to Si/SiOi from methanol at room
temperature
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Figure 2.4 XPS survey and high resolution Cis spectra of poly(4-vinylpyricline) (
mg/mL) adsorbed to Si/Si02-PF3E from methanol at room temperature for 4 h
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Figure 2.5 XPS survey and high resolution Cis and Nis spectra of
poly(trifluoroethylene) ( 1 mg/mL) adsorbed to Si/Si02-P4VP from methanol at room
temperature for 4 h
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surface are show n in figure 2.5. The appearance of fluorine on the surface supports the
adsoi-ption of PF3E to P4VP.
2.3.1. Kinetics of Poiy(4-vinylpyridine) Adsorption to Poly(trifluoroethylene)
Surface (Si/SiOz-PFjE)
Figure 2.6 and Figure 2.7 show the kinetics of the P4VP adsoiption to Si/SiO:-
PF3E as monitored b\ XPS and eHipsometr)'. The P4VP concentration was 1 mg/mL.
The XPS indicates that the adsorption is fast, reaching a final state in 15 minutes.
(Figure 2.6) The nitrogen concentration remains the same after 15 minutes. However,
although no additional P4VP adsorption is observed, the fluorine percentage decreases
after 1 5 minutes of adsorption and reaches a plateau only after 4 hours.
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Figure 2.6 Kinetics of adsorption poly(4-vinylp> ridine) (P4VP) (1 mg/mL) to Si/SiOi-
PF3E from methanol at room temperature determined by XPS (%F and %N is
determined from XPS composhion data at 15'' take-off angle)
In addition, layer thickness increases as the adsorption time increases beyond 15
minutes. (Figure 2.7) This argues for another adsorption mechanism after this point,
which reconstructs the adsorbed layer. This also explains why a decrease in fluorine
percentage is observed.
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Figure 2.7 Kinetics of poly(4-vinylpyridine) (P4VP) (1 mg/mL) adsorption to Si/Si02-
PF3E from methanol solution at room temperature determined by ellipsometiy
2.3.2 Effect of Concentration on Adsorption
The effect of concentration on the adsorption of PF3E to the Si02-P4VP surface
and of P4VP to the Si02-PF3E surface was monitored by XPS. ellipsometn,- and contact
angle measurements. The adsorption time was chosen as 4 hours. Figure 2. 8-A shows
the advancing and receding contact angle data for P4VP adsorbed to a Si02-PF3E
surface as a function of P4VP concentration. As the concentration ofP4VP increases,
both advancing and receding contact angles decreases initially, and then level at around
1 mg/mL.
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Figure 2.8 Advancing and {•) and receding (o) contact angle data for P4VP
adsorbed to Si02-PF3E from methanol solution at room temperature for 4 hours as a
function of P4VP concentration (A) and PF3E adsorbed to SiO:-P4VP from methanol
solution at room temperature for 4 hours as a function of PF3E concentration (B)
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The water contact angle data as a function of PF3E concentration for PF3E adsorbed to a
Si02-P4VP surface from methanol solution at room temperature are shown in figure
2.8-B. Initially, an increase in advancing and a decrease in receding contact angles are
observed as the concentration of PF3E increases. Both of them reach a plateau at 2
mg/mL.
Figure 2.9 shows fluorine and nitrogen content determined by XPS at 15^ take
off angle for P4VP adsorbed to Si02-PF3E as a function of P4VP concentration (A) and
PF3E adsorbed to Si02-P4VP as a function of PF3E concentration (B). As the P4VP
concentration increases, nitrogen content increases and fluorine content decreases and
both level at 1 mg/mL. (Figure 2.9-A). In the case of PF3E adsoiption. the fluorine
concentration increases and nitrogen content decreases as the PF3E concentration
increases. Both level at high concentrations (Figure 2.9-B).
In addition to XPS and contact angle measurements, the concentration effect on
P4VP adsorption on Si02-PF3E and PF3E adsorption on Si02-P4VP was monitored by
ellipsometr}'. Ellipsomterv' results show that as the P4VP concentration increases, the
layer thiclcness increases until 1 mg/ mL and then does not change as the concentration
increases (Figure 2.10-A). In the case of PF3E adsorption, the layer thickness is not
affected by the PF3E concentration (Figure 2.10-B) and this is not very consistent with
the XPS data. (Figure 2.9-B)
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Figure 2.9 Fluorine () and nitrogen () concentrations (determined from XPS
composition data at 15*^ take-off angle) of P4VP adsorbed to Si/Si02-PF3E (A) from
methanol solution at room temperature for 4 h as a function of P4VP concentration and
PF3E adsorbed to Si/Si02-P4VP (B)) from methanol solution at room temperature for
4 h as a function of PF3E concentration
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Figure 2.10 Ellipsometric thickness data for P4VP adsorbed to Si/SiOz-PFsE (A) from
methanol solution at room temperature for 4 h as a function ofP4VP concentration and
PF3E adsorbed to Si/Si02-P4VP (B) from methanol solution at room temperature for 4 h
as a function of PF3E concentration
57
2.3.3 Multilayer studies
Tw o sets of multilayer adsorption studies were perfomied. The first layer was
always PF3E. The first la\ er adsorptions w ere carried out at room temperature for a day
from 1 mg mL PF3E methanol solution. The initial la> er thickness was 10 A.
In the first set. polymer concentrations were held at 1 mg/niL and all adsorptions
are carried out for 1 hour except the first layer. Figure 2. 1 1 show XPS and ellipsomtery
results as a function of number of layers. After the second layer formation. (P4VP
adsorption), we did not obser\'e any significant change in thickness and nitrogen
concentration remains the same as the number of adsorption steps increases. The
fluorine content decreases, due to some reconstruction of the adsorbed layer. These
results show that P4VP strongly adsorbs on PF3E. However, PF3E does not adsorb on
P4VP to form the third layer due to non-availabilit\' ofP4VP nitrogens to form
hydrogen bonding with PF3E.
In the second set. polymer concentrations were held at 3 mg/mL and all
adsorption were carried out for 4 hours except the first layer. XPS and ellipsomteiy
results as a function of layers are shown in Figure 2. 12. With alternating adsorption
steps, when the fluorine content increases, the nitrogen content decreases and visa
versa. This means that when P4VP adsorption takes place, a decrease in fluorine content
and an increase in nitrogen content are seen, and when PF3E adsoiption takes place, a
decrease in nitrogen content and an increase in fluorine content are observed. This
indicates that multila\ er formation is successful. However, ellipsmetiy results are not
very promising. As the number of adsorption steps increases, after the first two layers,
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Figure 2.11 Thickness of the muhilayer (). and nitrogen () and fluorine () atomic
concentrations determined at 15"^ take-off angle as a function of number of adsorption
steps in the multilayer film formation (first layer is prepared by adsorption of PF3E on
clean silicon wafer from 1 mg /mL methanol solution at room temperature for 24 hours.
The subsequent layers are prepared by adsorption of P4VP (1 mg /mL) or PF3E
( 1 mg /mL) from methanol solution at room temperature for an hour)
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Figure 2.12 Thickness of the multila>er (). and nitrogen (n) and fluorine () atomic
concentrations determined at 15'' take-off angle as a function of number of adsorption
steps in the multilayer film formation (first layer is prepared by adsoiption of PF3E on
clean silicon wafer from 1 mg ImL methanol solution at room temperature for 24 houi'S.
The subsequent layers are prepared b}- adsorption of P4VP (3 mg /mL) or PF3E
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no change is observ^ed until 5th adsorption step. This suggests that, while adsorption of
one kind of polymer (P4VP or PF3E) takes place in each step, dissolution of already
formed layers occurs.
2.3 Conclusions
In this chapter, thin la>'ers of poly(4-vinylpyridine) and
poly(trifluoroethylene) on silicon wafers were prepared by adsorption from methanol
solution. It has been shown that poly(4-vinylpyridine) adsorbs on
poly(trifluoroethyelene) and poly(trifluoroethyelene) adsorbs on poly(4-vinylpyridine)
tlii'ough hydrogen bonding interactions. The adsorption of poh- (4-vin}'lp>Tine) on
poly(trifluoroethylene) is fast and reaches its limiting amount in 15 minutes. Multilay er
adsorption studies show that the multilayer formation is complex. Adsorbing polymer
replaces the already formed la>'er and no increase or a small increase in layer tliickness
is observed.
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CHAPTER 3
TITANIUM SURFACE MODIFICATION USING HVDRIDOSILANES
3.1 Introduction
The covalent modification of solid surfaces is a powerful technique in designing
materials with a desired level of solid-liquid and solid-vapor interactions. Selective
surface modification has been the focus of research and technology in different
applications such as sorption and separation media, wetting and adhesion, pigments,
sensors, biomaterials, polymer composites, and optical and electronic devices.
"
Organosilanes that have a general formula Rs.nSiXn+i (n=0-3). where X is a
reactive leaving group, have been used for surface modification and as coupling agents
for different substrates including metal oxides, oxidized metals and so fonh.^"'*^ Films
deri\ ed from organosilanes have good thermal and chemical stabilit>' due to robust Si-O
linkages between the silane and the surface (realized in covalently attached
monolav ers. CAMs) or between the neighboring silane molecules"^"^ (realized in self-
assembled monolayers SAMs). It has been shown that the self-assembly reaction is not
the only reaction possible between alkyltrichlorosilanes and the silica surfaces. Under
some conditions the alklytrichlorosilanes can react with the surface silanols in a covalent
attachment manner or can condense into 3-D siloxanes grafted to the surface. '°
Titanium is ver}' reactive toward oxygen and forms an oxide layer on the surface
when it is exposed to air.^^ '" The oxide layer is mostly composed of titanium dioxide
111"*
TiO:- though Ti203 and other forms may also be present. " ' There are three cr}'stalline
phases of TiO^. rutile, anatase and brookite and TiO^can also be amorphous.'"*
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TiO: forms a native oxide layer spontaneous!}' at room temperature and the oxide layer
is amorphous and has a thickness of 2-6 nm.^' The cr\'stalline phases form at higher
temperatures and the transition temperature from one crystalline state to another varies
with the preparation method. For example, when TiO: thin films are prepared b}- atomic
layer deposition, amorphous, anatase and rutile structures grow below 440 K. at 440-
625 K and above 625 K. respectively.^^ Owing to its low density, high mechanical
resistance, and protective surface thin oxide layer, titanium is useful in aerospace and
1 $2
biomedical applications.
The modification of titanium surfaces with organosilanes has been studied with
different active groups.
'"^""^ Cossement et al. modified polycrystalline titanitim surfaces
with chlorosilanes and ethoxysilanes.'^ The reaction of (3,3.3-
trifluoropropyl)trimethox>'silane with titanium surfaces was studied b>' Gamble eT al.~
In the reaction of commonly used chloro- (X=C1). N.N-dimethyamino
(X=N(CH3)2), and alkoxy- (X=OAlk) silanes. the by products are corrosive and highly
reactive compounds such as HCl. HN(CH3)2, and alcohol. They can adsorb and react
with the surfaces. This corrodes the substrate and slows down the reaction and
decreases the uniformity of the surface coverage. The liberation of HCl is troublesome
for surface modification of high surface area substrates. The use of h>'dridosilanes
(X=H)"" in surface modification has advantages over other silane coupling agents. The
monolayer production occurs in a clean environment because the byproduct is hydrogen
gas or water. Hydridosilanes (R3.nSiH„+i (n=0-3)) are less moisture sensitive than
chlorosilanes (R3.nSiCln+i(n=0-3)) and alkoxysilanes (R3.„SiOAlkn+i (n=0-3)).
Hydridosilanes have lower boiling points and this facilitates the reaction in vapor phase.
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The -SiH3 (or -SiH: or -SiH) group is the smallest among -SiCl:, (or -SiCb or -SiCl) and-
SiOAlk? (or -SiOAlk: or -SiOAlk) groups so the highest surface coverage can be
achieved. The reactions of hydridosilanes with various metals, including Zr, Fe. Ni. Mn.
Nb. Cr. Mo. and W. are quite general.'^
Organosilicon h> drides (silicones with Si-H groups) were used in 1949 for water
proofing of construction materials by Andrinanov and Sobolevsky.'"' Then low-and
high-molecular weight organosilicon h\ drides for water repellency and protective
coatings were used by Voronkov et al ."'^""^ In the early publications"^'"^, they
emphazised the importance of Si-H group in the hydrophobizing agents, but did not
stud}- the structure of the films or the mechanism of the surface binding in detail. Tada.
et al." "" studied the chemisorption of 1.3,5.7-tetramethylcyclotetrasiloxane on titania.
The reaction of octadec>'lsilane with titania in the presence of ultrasound was studied by
Grunze ef al?"^ The reaction of hydridosilanes with titanium and other metal oxides was
reported by Fadeev et al and other groups"*^. In earlier studies, they used several
mono-, di- and tri-hydridosilanes and used only one kind of reaction condition (solution
phase), and did not study the reaction kinetics.
In this chapter, the modification of silicon-supported titanium surfaces with
mono-, di- and tri- h\ dridosilanes under two conditions ( 1) in the vapor phase and (2) in
heptane is described. The kinetics of the solution phase reaction with octadecylsilane is
also described.
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3.2 Thickness determination by XPS
Electrons do not travel very large distances in matter due to inelastic scattering
processes with the matrix or solid medium. This is the basis for surface sensitivit}' of
XPS. The attenuation of photoelectron intensity in solids as a function of sampling
depth is expressed in below equation where No is the number of electrons that originate
at depth t. N is the number of photoelectrons emitted from solid that have not been
inelastically scattered. X is the mean free path of the electron and 0 is the take-off angle.
N = N^ exp
^ t
^
V A sin 0 J
The expression indicates that 95% of detected photoelectrons originate in the
outermost 3Xsin9. In another words, the electron should be attenuated to 5% of its
original intensit\' when the thickness is 3>.sin0.
In this work, the thickness of the monolayers is determined using the attenuation
of the Ti2p signal and the equation below.
t = Ln
fN ^
-A
where No and N are the intensity of the Ti2p peak for bare sample and monolayers,
respectively, 0 is the take-off angle, and k is the Ti2p photoelectron mean free path. A
literature value"' of a=20 A will be assumed for the calculations.
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3.3 Experimental
3.3.1 Materials and Methods
All chemicals were used as recei\ ed unless noted otherwise. Heptane (HPLC),
methylene chloride (HPLC). ethanol and acetone were purchased from Fisher. All
silane reagents (n-octadec> lsilane (n-CisHsTSiHs). diphenylsilane ((C6H5)2SiH2). tri-
isopropylsilane ((i-C3H7)3SiH). tri-n-prop}'lsilane ((n-C3H7)3SiH). hexylsilane
{C6Hi3SiH3). triphenylsilane ((C6H5)3SiH). diphenylmethylsilane ((C6H5)2CH3SiH). and
trihexylsilane ((C6Hi3)3SiH) were purchased from Gelest with the exceptions of n-
octadecyldimethylsilane (n-Ci8H37(CH3 )2SiH).phenylmethylsilane {C6H5CH3SiH2) and
t-but\1dimethylsilane (t-C4H9(CH3)2SiH) which were purchased from Aldrich.
Anhydrous heptane was purchased from Aldrich. Water was purified using a Millipore
Milli-Q system that involves reverse osmosis, ion exchange and filtration steps. Silicon-
supported titanium w^afers (the titanium layer on the silicon was -1000 A thick) were
obtained from Schick and cleaned with a Harrick Scientific O2 plasma cleaner at high
po\^"er settings for 5 minutes prior to use. X-ray photoelectron spectra (XPS) were
obtained on a Physical Electronics Quantum 2000 Scanning ESCA Microprobe. Depth
profiling was done by collecting spectra at 15° and 75'^ take-off angles with respect to
the plane of the sample surface. The analysis at 15" has a penetration depth of -10 A
and that at 75" corresponds to a penetration depth of -40 A. Contact angle
measurements were made with a Rame-Hart telescopic goniometer and a Gilmont
syringe with a 24-gauge flat-tipped needle. Water was used as the probe liquid.
Ad\ ancing and receding contact angle v^-ere recorded wliile water was added and
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withdrawn from the drop, respectively. Reported values are averages of 4-5
measurements made on different areas of a sample.
3.3.2 Reaction of Titanium Surfaces with Hydridosilanes in Solution
Titanium wafers were cleaned as described above. The wafers were immediately
placed into the reaction flask. The reaction flask was similar to the one that was used for
vapor phase reactions with the exception that the top included a 4 mm Teflon stopcock
and joint capped w ith a rubber septum to facilitate cannulation and additions via syringe
under an inert atmosphere. Anhydrous heptane (-25 mL) was cannulated into the
reaction tube and the h>'dridosilane ( 1 niL) of the choice v\'as added via s\'ringe. The
reaction tube was placed in an oil bath and heated to 65-70 °C for 2 days, unless
otherwise noted. After the reaction, the wafers were rinsed with heptane. meth\ lene
chloride, ethanol. acetone, and distilled water in this order, and then dried in a clean
oven at 125 ''C for 10 min.
3.3.3 Reaction of Titanium Surfaces with Hydridosilanes in the Vapor Phase
Titanium wafers were cleaned as described above. The wafers were immediateh'
placed in the reaction tube containing the h>'dridosilane of choice. Samples were placed
in a custom-made wafer holder and suspended in a schlenk tube containing 1 mL of
silane (Figure 3.1 ). There was no contact between the silane and the silicon substrates.
The reaction tube was placed in an oil bath and heated to 65-70 °C for a day. After the
reaction, the wafers were rinsed with heptane, methylene chloride, ethanol. acetone, and
distilled water in this order, and then dried in a clean oven at 125°C for 10 min.
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suspended wafers
sllane
Figure 3.1 Schematic of the Schlenk tube used for the vapor phase reaction of
hydridosilanes.
72
3.4 Results and Discussion
Two types of reaction conditions were used to prepare covalently attached
monolayers on silicon-supported titanium surfaces: (1) in heptane at 65-70 ^'C for 2 days
and (2) in vapor phase at 65-70 '^C for a day.
3.4.1 Reaction of TiO; with Hydridosilanes in Solution
Reaction of silicon-supported titanium wafers with hydridosilanes (mono-, di-
and trihydridosilanes) was conducted in heptane solution at 65-70 °C (Figure 3.2). Table
3.1 shows the water contact angle and thickness data for a number of the monolayers.
All mono-, di-and tri-hydridosilanes react with titanium surfaces, as assessed by high
water contact angle results (Table 3 1). N-octadecylsilane-derived monolayers exhibits
water
HSiR
—OH + H;sa — ^ ;y O— + H.
H^SiR" 65-70 T e^;; / R
t&£ H or R
Ti Ti
Figure 3.2 Schematic representation of the reaction of hydridosilanes with titanium
surfaces
contact angle values that are \'er\' close to the water contact angle data of self-
assembled, closed packed monolayers reported in literature. Hysterises in contact
angle data for n-octadecylsilane-derived monolayer is high (16") but not so much
different than the reported octadecyl supported monolayers in the literature. ''
'^
^ RorH
heptane /
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Monolayer thicknesses are calculated from XPS using attenuation of the Ti2p signal at
tAvo different angles. The thickness results also prove formation of monolayers on
titanium surfaces from hydridosilanes in heptane.
Ox} gen plasma-cleaned silicon-supported titanium surfaces contain low
percentages of silicon and carbon as assessed by XPS at 15'' and 75" take-off angles.
After silanization in heptane, the titanium surfaces all show an increase in carbon and
silicon content. In addition, the titanium content decreases (Table 3.2).
Hvdridosilanes
Contact Angle
Thickness
(^(A))
(XPS- 15°) (XPS-75°)
None(Ti02)
O2 cleaned
Spreads
n-Ci8H37SiH3 107/91 18 15
(C6H5)2SiH2 87/52 3 6
C6H5MeSiH2 93/65 7 11
(i-C3H7)3SiH 91/64 4 7
(n-C3H7)3SiH 91/57 5 8
AH reactions were carried out in heptane at 65-70 '^C for two days
''Determined by XPS using the attenuation of Ti2p signal at 15° and 75° take-off angles
Table 3.1 Water contact angle data (0a/0r) in degrees (deg) and layer thickness (from
XPS) in angstroms (A) for silicon-supported titanium surfaces treated with
hydridosilanes in heptane
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Hydridosilanes
XPS Atomic {%f
Ti1
1
C Si w
None (TiO:) 29.80 <.l 0.10 70.10
O2 cleaned :)1.jO 1.00 0.20 67.60
n-CicH^7SiH^
5.40
15.10
73.90
39.50
2.60
1.50
18.10
43.90
15.70
23.40
39.70
14.20
2.60
1.40
41.90
61.00
(C^H^)^MeSiH 7.30
17.40
63.30
33.10
4.40
1.80
25.00
47.60
14.60
21.80
25.80
10.40
7.60
2.90
52.00
64.90
(n-C3H7)3SiH
11.40
21.00
55.65
23.10
2.60
0.80
30.40
55.10
^ Upper rows are 1 5'^ takeoff angle data and lower rows are 75^ data.
All reactions are can-ied out in heptane at 65-70 "C for two days
Table 3.2 XPS analysis for silicon-supported titanium surfaces treated with
hydridosilanes in heptane
3.4.2 Reaction Kinetics
Octadecysilane was chosen to study the reaction kinetics in heptane solution.
Reaction kinetics were monitored by water contact angle measurements. The data are
plotted in Figure 3.3. From the contact angle graph it is very clear that significant
hydrophobization occurs in an hour, but the reaction is not complete until 1-2 days. The
hysterises decreases as the time increases, and the minimum hysterises is obtained for
samples reacted for 3 days (11°). Beyond 3 days, a slight increase in hysterises is
observed.
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Figure 3.3 Water contact angle data (0a/9r) data versus reaction time of grafted
ociadecylsilane (Samples were prepared in heptane at 65-70 '^C. Prior to reaction the
wafers are cleaned by O: plasma.) silicon-supported titanium surfaces. The closed
s\ mbols are advancing angles and the open symbols are receding angles.
Figure 3.4 shows high-resolution spectra of the Oh signal at 15*^ (take-off angle)
of a clean titanium surface (A) and octadecylsilane-derived monolayers prepared in
heptane for different reaction periods. Clean titanium shows two peaks of interest. The
lower binding energy peak is due to oxygen bonded to two titaniums and the higher
binding energy peak is due to surface oxygen species. Upon reaction with
octadecylsilane. the substrate signal (the lower binding energy peak) decreases. The
octadecylsilane-derived monolayer prepared by two days of reaction completely
attenuates the substrate signal.
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A) B)
Figure 3.4 High resolution XPS spectra of the Ois signal (15° take-of angle) of a clean
silicon supported titanium surface (A) and a silicon-supported titanium surface treated
with octadecylsilane silane in heptane at 65-70 for 1 h (B). 12 h (C). 24 h (D).
48 h (E) and 72 h (F)
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3.4.3 Reaction of Titanium Surfaces with Hydridosilanes in the Vapor Phase
Reactions of silicon-supported titanium surfaces with mono- , di- and iri-
hydridosilanes were conducted at 65-70 °C for a day. All mono- . di- and
trihydridosilanes react with titanium surfaces in vapor phase conditions as assessed by
the contact angle results (Table 3.3). The monolayers prepared in the \'apor phase show,
for the most part, higher contact angles than the monolayers prepared in heptane. The
octadecylsilane monolayer on silicon-supported titanium shows higher contact angles
than the ones prepared in the literature.'*^ The monolay ers prepared from hexylsilane
and trihex> lsilane have similar contact angles, and the contact angle values for the tri-
hex) lsilane-deri\ ed monolay er decreases as the reaction time increases. This can be
ascribed to oxidati\ e degradation of the already modified surface. The thickness of the
monolayers is also calculated by the attenuation of the Ti:p signal (Table 3.3).
Table 3.4 shows XPS data of layers prepared by vapor phase reaction. The
reaction of titanium surfaces with hydridosilanes is indicated by the XPS results. After
silanization in the vapor phase, increase in carbon and silicon concentration and
decrease in titanium concentration are observed. The decrease in titanium concentration
is due to the monolayer formation.
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Contact Angle
Thickness
(MA))
(XPS 15'') (XPS-75'')
None (TiO.)
O2 cleaned
Spreads
n-CigHsvSiHs 112/88 13 15
C6Hi3SiH3 104/80 6 11
(C6H5)2SiH2 92/64 9 12
n-Ci8H37(Me)2SiH 93/60 6 10
(C6H5)3SiH 87/56 6 9
(C6H5)2MeSiH 96/67 9 12
(i-C3H7)3SiH 102/62 10 19
(n-C3H7)3SiH 89/50 6 12
t-C4H9(Me)2SiIH 97/62 11 12
(C6Hi3)3SiH 101/82 14 14
(C6H,3)3SiH 97/63 8 14
(C6Hi3)3SiH ' 93/58 7 10
All reactions were carried out in the vapor phase at 65-70 °C for a day or as otherwise
noted
^ Reaction time is 2 days
Reaction time is 3 days
Table 3.3 Water contact angle (Oa/Ob) in degrees (deg) and layer thickness (from XPS)
in angstroms (A) for silicon-supported titanium surfaces treated with hydridosilanes in
the vapor phase
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Hvdridosilane
XPS Atomic {Vof
Ti1 1 c Si o
29.80 <.l 0.10 70.10
31.30 1.00 0.20 61
M
2.59 79.83 4.97 12.61
10.58 53.22 3.76 32.44
8.68 52.24 5.96 33.12
17.86 21.16 3.99 56.99
2.63 63.25 12.73 21.39
14.50 34.23 4.20 47.07
9.75 55.67 3.30 31.28
18.38 27.94 1.77 51.91
9.44 53.48 2.85 34.23
19.80 28.02 1.67 50.50
5.26 56.60 11.08 27.06
16.46 30.92 4.33 48.28
4.53 52.59 11.34 31.33
11.98 31.58 7.06 49.38
8.70 53.31 6.51 31.48
17.20 27.53 2.80 52.47
3.76 59.51 10.69 26.04
16.99 26.49 4.78 51.73
1.91 69.07 5.96 23.32
15.24 33.96 3.57 47.24
5.89 58.70 6.60 25.49
15.30 34.00 2.72 45.78
7.68 52.09 8.29 31.97
18.54 28.33 2.61 50.52
None (TiO:)
O: cleaned
n-CigHsvSiHs
C6H13S1H3
(C6H5)2SiH2
n-Ci8H37(Me)2SiH
(C6H5)3SiH
(C6H5)2MeSiH
(i-C3H.)3SiH
(n-C3H7)3SiH
t-C4H9(Me)2SiH
(C6Hi3)3SiH
(C6Hi3)3SiH'
(C6Hi3)3SiH^~
Upper rows are \5^' takeoff angle data and lower rows are 75° data.
All reactions were carried out in the vapor phase at 65-70 °C for a day or as otherwise
noted
Reaction time is 2 da\'s
Reaction time is 3 days
Table 3.4 XPS analysis for silicon-supported titanium surfaces treated with
hydridosilanes in the vapor phase
8C
3.5 Conclusions
In this chapter, it is sho^^^l that the mono-, di and trihydridosilanes react with
titanium surfaces in heptane at elevated temperatures and in the vapor phase at elevated
temperature. The monolayers show high contact angle resuhs. The thickness of the
layers is calculated using the attenuation of the Ti2p signal. The kinetics of the
octadecylsilane reaction in heptane at 65-70 °C show that significant hydrophobization
occurs in an hour, but that the reaction is not complete until 1-2 days.
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CHAPTER 4
MODIFICATION OF CHROMIUM SURFACES USING ORGANOSILANES
4.1 Introduction
A wide range of organic molecules are used to chemically modify metal oxide
surfaces and this process has a wide range of applications such as improving adhesion at
the interfaces of glass fiber-reinforced composites^ generating low energy surfaces"'^,
and forming monolayers for lithography, micropatteming and sensors/*^''"* These
modifications include the adsorption of alkanethiols^'"^^. dialkyl disulfides '^^^ and dialkyl
sulfides'^ on gold, alkanethiol and alkanedithiols on GaAs(OOl)'*^. fatty acids on
alumina'' alcohols and amines on platinum'^, organosilicon hydrides, phosphates and
alkanephosponic acids on titanium""^""'^. and organosilanes on silicon surfaces. ''^^'^^
Organosilanes (Rs-nSiXn+i) having one, two, or three hydrolyzable groups in the
molecule (where X=C1, OR and NMe:) have been used to modify' silicon surfaces.
Different structures on the surfaces are produced depending on the reaction conditions,
chemistr\' of the organosilane and surface prehistory. Monofunctional organosilanes
(RsSiX) form reproducible covalently attached monola>'ers. Trifunctional silanes (RSiXs)
are more reactive and they can polymerize in the presence of water. This gives rise to
different structures such as covalent attachment, 2-D self assembly and 3-D surface-
induced polymerization. Difunctional organosilanes (RiSiX^) form covalently attached
monolayers and grafted polysiloxane layers by surface-induced polymerization. (Figure
4.1)
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Figure 4.1 Possible products of reaction of organosilanes with silicon surfaces
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Only a few studies of the formation of organic thin films on Cr have been
reported: these include the assembly of surfactants such as myristic acid^"* and
dodecylsulfate"*"
.
deposition of Langmuir -Blodgett films of organic species such as
phthalocyanines^ and polyimides on Cr electrodes, and the adsorption of electroactive
species containing isonitrile and thiol functional groups . on Cr surfaces. The
formation of organosilane (octadecylsilane""* and octadecyltriethox} silane^^) laj ers has
been reported, but the effects of temperature, solvent, reaction conditions (vapor phase
reaction versus solution phase reaction), and leaving group have not been studied in any
detail nor has the kinetics of the reactions been im estigated.
In this chapter, silicon-supported chromium surfaces are modified by the
reaction of mono- (RsSiX where X=C1. OEt. H). di- (R2SiX2 where X=CL OEt. H) and
tri- (RSiXs where X=C1, OEt. H) functional alkylsilanes under two different conditions:
in solution and in the vapor phase.
4.2 Experimental
4.2.1 Materials and Methods
All chemicals were used as received unless noted otherwise. Toluene, hexane (HPLC
grade), heptane (HPLC grade), methylene chloride (HPLC grade), 2-propanol and
acetone were purchased from Fisher. Ethanol was purchased from VWH. All silane
reagents, n-octadecylsilane (n-CigHsTSiHa), n-octadecyltrichlorosilane (n-CigHsySiCb),
n-octyltichlorosilane (n-CgHnSiCls), n-octylsilane (n-CgHnSiHs), benz}idimethylsilane
(n-C7H7(CH3)2SiH), n-octylmethyldichlorosilane (n-CgHnCHsSiCb),
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n-hex}imethyldichlorosilane (n-C6Hi3CH3SiCl2), n-octadecyldimethylchlorosilane,
(n-Ci8H37(CH3)2SiCl). octadecyltriethoxysilane (n-Ci8H37(OC2H3)3),
octyldimethyltriethoxysilane (n-C8Hi7(OC2H3)3), n-propyltriethoxysilane (n-
C3HHOC2H3)3). n-octadecylmethyldiethoxysilane (n-Ci8H37CH3 (OC2H3)2).
diphenylsilane ((C6H5)2SiH2). tri-isopropylsilaiie ((i-C3H7)3SiH). tri-n-propylsilane ((n-
C3H7)3SiH). hexylsilane (C6Hi3SiH3). triphenylsilane ((C6H5)3SiH).
diphem lmethylsilane ((C6H5)2CH3SiH). and trihexylsilane ((C6Hi3)3SiH), were
purchased from Gelest. Octadecyldimethylsilane (n-Ci8H37(CH3 )2SiH).
phenylmethylsilane (C6H5CH3SiH2) and t-butyldimethylsilane (t-C4H9(CH3)2SiH) were
purchased from Aldrich. Anhydrous heptane, anhydrous toluene and ethyldiisopropyl
amine (EDIPA) were purchased from Aldrich. Water was purified using a Millipore
Milli-Q system that involves reverse osmosis, ion exchange and filtration steps. Silicon-
supported chromium wafers (the chromium layer on the silicon was -1000 A thick)
were obtained from Schick and cleaned by a Hamck Scientific O2 plasma cleaner at
high power settings for 5 minutes prior to use. X-ray photoelectron spectra (XPS) were
obtained on a Physical Electronics Quantum 2000 Scanning ESCA Microprobe. Depth
profiling was done by collecting spectra at 15'^ and 75''^ take-off angles with respect to
the plane of the sample surface. The analysis at 15° has a penetration depth of -10 A
and that at 75 ^corresponds to a penetration depth of -40 A. Contact angle
measurements were made with a Rame-Hart telescopic goniometer and a Gilmont
syringe whh a 24-gauge flat-tipped needle. Water was used as a probe liquid.
Advancing and receding contact angles were recorded while the water was added and
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\\ithdrawn from the drop, respectively. Reported values are averages of 4-5
measurements made on different areas of a sample.
4.2.2. Reaction of Chromium Surfaces with Alk> Ichlorosilanes and
Alkylethoxysilanes in the Vapor Phase
Chi-omium wafers were cleaned as described above. The wafers were
immediately placed in the reaction tube containing the alkylchlorosilane or
alkylethoxysilane of choice. Samples were placed in a custom-made wafer holder and
suspended in a Schlenk tube containg 0.5 mL of silane (Figure 4.2 ). There was no
contact between the silane and the silicon substrates. The reaction tube was placed in an
oil bath and heated to 65-70 °C for 3 days. After the reaction, the wafers were rinsed
with toluene, 2-propanol ethanol. ethanol-water (hi), and distilled water in this order,
and then dried in a clean oven at 125 °C for 10 min. (Octadecyl samples were extracted
with hexane in a Soxhlet apparatus for 2 hours before the rinsing steps).
suspended wafers
silane
Figure 4.2 Schematic of the Schlenk tube used for the vapor phase reaction of
alkylchlorosilanes . alkylethoxysilanes and h}'dridosilanes
8S
Silicon wafers were also treated in the same way as above as control experiments.
4.2.3 Reaction of Chromium Surfaces with Octadecyltrichlorosilanes in Solution
Chromium wafers were cleaned as described abo\'e. The wafers were
immediateh' placed into the reaction flask. The reaction flask was similar to the one that
was used for the vapor phase reactions with the exception that the top included a 4 mm
Teflon stopcock and joint capped with a rubber septum to facilitate cannulation and
additions \'ia s\Tinge under an inert atmosphere. Clean wafers were covered with
anhydrous toluene (10-15 mL) containing ethyldiisopropylamine (EDIPA) (0.17 mL;
10"' mol). Octadecyltrichlorosilane (0.5 mL) was added via syringe. The reaction tube
was placed in an oil bath and heated to 65-70 *^C for 3 days or as otherwise noted. After
the reaction, the samples were extracted with hexane in a Soxhlet apparatus for 2 hours
and the wafers were rinsed with toluene. 2-propanol. ethanol, ethanol-water (1:1). and
distilled water in this order, and then dried in a clean oven at 125 "^C for 10 min. Silicon
wafers were also treated in the same way as above as control experiments.
4.2.4 Reaction of Chromium Surfaces with Hydridosilanes in the Vapor Phase
Chromium wafers were cleaned as described above. The wafers were
immediately placed in the reaction tube containing the hydridosilane of choice. Samples
were placed in a custom-made wafer holder and suspended in a Schlenk tube containg 1
mL of silane (Figure 4.2 ). There was no contact between the silane and the silicon
substrates. The reaction tube was placed in an oil bath and heated to 65-70 ''C for 3
9C
days. After the reaction, the wafers were rinsed with heptane, methylene chloride,
ethanol. acetone and water, and then dried in a clean oven at 125 for 10 min.
4.2.5 Reaction of Chromium Wafers with Hydridosilanes in Solution
Chromium wafers were cleaned as described above. The wafers were
immediately placed into the reaction flask. The reaction flask was similar to the one that
was used for the vapor phase reactions with the exception that the top included a 4 mm
Teflon stopcock and joint capped with a rubber septum to facilitate cannulation and
additions via syringe under an inert atmosphere. Anhydrous heptane (-25 niL) was
cannulated into the reaction tube and the hydridosilane (1 mL) of choice was added via
syringe. The reaction tube was placed in an oil bath and heated to 65-70 "^C for 3 days,
unless otherwise noted. After the reaction, the wafers were rinsed with heptane,
methylene chloride, ethanol. acetone, and distilled water in this order, and then dried in
a clean oven at 125 °C for 10 min.
4.3 Results and Discussion
4.3.1 Reaction of Chromium Surfaces with Alkylchlorosilanes
Reaction of chi'omium surfaces with alky lchlorosilanes were studied in the
vapor phase at 65-70 °C and in toluene in the presence of an amine catalyst at 65-70 °C.
Toluene was chosen because toluene was reported^ "*^ to prepare monolayers, oligomeric
layers and polymeric layers on silicon surfaces with alkylchlorosilanes and
alkylethoxysilanes. Ethyldiisoprop>'lamine (EDIPA) was chosen as a base to prevent the
sih lation of the amine, which can take place with less sterically congested amines.
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Silicon surfaces were also modified with alkylchlorosilanes using the same conditions
to compare the results. Two kinds of mono-, di- and trichloroalkylsilanes were used to
modify chromium surfaces in the vapor phase. Water contact angle data for covalently
attached layers derived from alkylchlorosilanes (in solution and in the vapor phase) on
chromium and silicon surfaces are shown in table 4.1. Octadecyltrichlorosilane was the
only reagent used for the modification of the chromium surface in solution.
Octadec} ltrichlorosilane-derived layers on chromium (prepared either in the vapor
phase or in toluene) have similar water contact angle values as octadecylchlorosilane-
derived layers on silicon. Contact angle values of octadecyltrichlorosilane-derived
las ers on chi-omium (prepared either in the vapor phase or in toluene) are lower than the
best self-assembled, most-close packed monolayers reported in the literature^*^ In
the self-assembled monolayers, water interacts only with methyl groups on the surface.
In octadec}ichlorosilane-derived monolayers on chromium, the water interacts with a
mixture of methyl and methylene groups. The composition of methyl and methylene
groups can be calculated by the Israelachvilli-Gee equation (Equation 1).
(l + cos6>)- = f^(\ + cosOy- + /.(l + COS^^,)'
(1)
The surfaces prepared from octadecyltrichlorosilanes on chi-omium can be treated as a
mixture of methyl and methylene groups (contact angle of pure methyl and methylene
surfaces are 6*1=1 10^ and ^2=94°. respectively. Equation (1) gives a mixture of 65%
methyl and 35% methylene groups for the advancing angle of 103'^ (advancing contact
angle of octadecyltrichlorosilane-derived layers on cluomium).
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on Cr on Si
alkylchlorosilane conditions
Water Contact angle
n-C,8H37SiCl3
Vapor Phase. 70
3 days, O2 plasma
105/83 103/87
n-C,8H37SiCl3
Toluene.EDIPA. 70
3days, O2 plasma
103/80 103/87
n.C8H„SiCl3
Vapor Phase. 70
3days, O2 plasma
110/84 107/93
n-C8Hi7CH3SiCl2
Vapor Phase. 70
3 days, O2 plasma
86/48 100/88
n-C6H,3CH3SiCl2
Vapor Phase. 70
3days, O2 plasma
82/38 97/89
n-C,8H37(CH3)2SiCl
Vapor Phase. 70 "C
3 days, O2 plasma
76/48 103/88
n-C8H37(CH3)2SiCl Vapor Phase. 70
3 days. O2 plasma
97/81 100/92
Table 4.1 Water contact angle data (0a/Or) in degrees (deg) for silicon and chi'omium
surfaces treated with alk\ lchlorosilanes
The chromium surfaces prepared by the reaction of oct}'ltrichlorosilane have a higher
advancing contact angle value than the silicon surfaces prepared by the reaction of
oct\'ltrichlorosilane. The advancing contact angle value of oct> ltrichlorosilane-derived
layers on chromium (1 10*^/84°) is as high as the values of self assembled monolayers
reported in the Hterature (1 10°/95'')"^°. The higher hysteresis can be due to molecular
scale roughness and the rigidity of the layer that is a result of a crosslinked structure that
the triflinctional reagents can form. Alkylmethvldichlorosilane and
alky ldimethylchlorosilanes-derived layers show lower contact angle values on
chromium than silicon. The laj ers are disordered and water penetrates the layers and
interacts with the surface silanols.
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Ellipsometn- was attempted to measure the thickness of the layers on chromium
surfaces. Unfoilunateh' the results obtained w ere variable and inconsistent with the XPS
data. Some of the surfaces showed zero thiclcness.
Alkx'lchlorosilane Conditions
Si c Cr 0
0: plasma cleaned
-0 17.90 33.50 48.60
~0 9.60 41.40 49.00
V apor Phase. 70 12.10 51.30 4.50 32.10
3days. O2 plasma 12.10 26.30 11.00 49.60
Toluene.EDIPA. 70 3.45 43.10 16.55 36.85
3days. O2 plasma 2.25 27.55 25.85 44.70
Vapor Phase. 70 --^C 14.20 54.10 2.65 29.05
3da} s. O2 plasma 10.35 41.80 9.75 38.05
Vapor Phase. 70 «C 4.60 48.90 15.30 31.20
3days, O2 plasma 2.30 35.70 24.25 37.75
Vapor Phase. 70 34.55 23.00 39.15
3days. O2 plasma 3.05 19.00 32.60 45.35
Vapor Phase. 70 '^C <.l 20.45 31.75 47.80
3 days. O2 plasma <.l 14.70 35.25 50.00
Vapor Phase. 70 0.35 20.75 29.70 49.15
3 days. O2 plasma 0.40 19.45 33.75 51.45
cliromium surface
n-CigHsySiCls
n-CisH37SiCl3
n-C8Hi7SiCl3
n-C8Hi7CH3SiCl2
n-C6Hi3CH3SiCl2
n-Ci8H37(CH3)2SiCl
n-C8H37(CH3)2SiCl
Upper xows are 1 5" takeoff angle data and lower rows are 75'"^ data.
Table 4 2 XPS analysis of alk}ichlorosilane-derived layers on chromium surfaces
Table 4.2 shows XPS data for alkylchlorosilane layers on chromium surfaces.
The chromium surfaces prepared with alkylmethyldichorosilanes and
alk} ltrichlorosilanes all show an increase in carbon content and decrase in cliromium
surfaces, due to the layer formation. Also an appearance of a Si2p peak is observed in the
surfaces. The layers prepared with alkyldimethylchlorosilanes show a very small
decrease in chromium content and a ver>' small increase in carbon content. The XPS
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results of the layers prepared from alkyldimethylchlorosilanes supports the idea that
these layers are incomplete and the bonding densities in these layers are ver}' low.
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Figure 4.3 Water contact angle (0a/0b) data versus reaction time of grafted
octadecyltrichlorosilane (Samples were prepared in toluene at 65-70 °C.) on chromium
surfaces. The closed symbols are advancing angles and the open symbols are receding
angles
The kinetics of the reaction of octadecyltrichlorosilane with chromium wafers in
toluene in the presence of amine catalyst (EDIPA) at 65-70 '^C was determined using
contact angle measurements and XPS carbon content data. The data are plotted in
figures 4.3 and 4.4. Each reaction time represents data from an individual sample.
Significant hydrophobization occurs rapidly (to 98*^/63°) after 15 min of reaction. The
reaction is complete in an hour. At longer reaction times (72 h). a decrease in advancing
contact angle data and an increase in receding contact angle data are observed. A
decrease in advancing angle data can be due to the oxidative degradation of already
modified layer.
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Figure 4.4 Carbon content (detemiined by XPS) for octadecyltrichlorosilane-derived
chromium surfaces (. 15"' take off angle. 0. 75"' take off angle) as a function of reaction
time (Samples were prepared in toluene in the presence of EDIPA at 65-70 ^^C.)
Figure 4.4 shows carbon content (detennined from XPS) for
octadec\lrichlorosilane-derived chromium surfaces at 15° and 75° take off angles as a
function of reaction time. Carbon content increases as the reaction time increases until
48 hours. After 48 hours, a decrease in carbon content is observed. XPS data is
consistent with the contact angle data, supporting the oxidative degradation of the
ahead}- modified layer at longer reaction times.
4.3.2 Reaction of Chromium Surface with Alkylethoxysilanes.
The reactions of chromium surfaces with alklvldiethoxvsilanes and
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on Cr on Si
aiK\ leiiioxysiiane conditions
Water Contact angle
n-C,8H37Si(OC2H3)5
Vapor Phase, 70 '^C
3days. O2 plasma
mm 101/83
n-C8Hi7Si(OC2H3)3
Vapor Phase, 70 '^C
3days. O2 plasma 100/83 92/78
n-C3H7Si(OC2H3)3 Vapor Phase. 70
3days, O2 plasma
98/62 83/72
n-Ci8H37MeSi(OC2H3)2 Vapor Phase. 70
3days. O2 plasma
101/80 99/83
Table 4.3 Water contact angle data (Oa/Or) in degrees (deg) for silicon and chromium
surfaces treated with alkylethoxysilanes in the vapor phase
alkylethoxysilane conditions
Si C Cr 0
O2 plasma cleaned
~0
-0
17.90
9.60
33.50
41.40
48.60
49.00
Vapor Phase. 70 5.25 56.70 8.55 29.55
3days, O2 plasma 4.25 37.55 17.50 40.65
Vapor Phase. 70 8.85 18.45 16.45 56.00
3days. O2 plasma 5.95 11.85 24.85 57.35
Vapor Phase, 70 "^C 7.25 68.75 4.45 19.55
3days. O2 plasma 5.7 51.20 12.25 30.85
Vapor Phase, 70 ^^C 4.30 22.90 23.80 49.00
3days. O2 plasma 2.55 16.60 29.95 50.95
chi'omium surface
n-Ci8H37Si(OC2H3)3
n-C8Hi7Si(OC2H3)3
n-Ci8H37MeSi(OC2H3)2
n-C3H7Si{OC2H3)3
Upper rows are 15° takeoff angle data and lower rows are 75*"^ data.
Table 4.4 XPS analysis of alkylethoxysilane-derived layers on clii'omium surfaces
alk\'ltriethoxysilanes were studied in the vapor phase at 65-70 °C. The silicon surfaces
are also modified in the same way to compare the results. The water contact angle data
for alkylethoxysilane-derived layers on chromium and silicon are shown in table 4.3.
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Alk)iethoxysilane-deri\'ed layers on chromium show higher contact angle values than
the alk}'lethoxysilane-derived layers on silicon. Hysterises is consistently is higher for
the chromium surfaces prepared from alkylethoxysilanes than the silicon surfaces. The
surfaces w ere also characterized by XPS. Table 4.4 shows XPS atomic composition
data of cliromium surfaces prepared from alkylethoxysilanes. After silanization. all the
surfaces show an increase in carbon content and a decrease in clii-omium content due to
layer formation. The appearance of silicon on the surfaces is also observed after
reaction, which also supports la\ er formation.
4.3.3 Reaction of Chromium Surfaces with Hydridosilanes
Reaction of chromium surfaces with hydridosilanes was studied in the vapor
phase at 65-70 °C for 3 days and in heptane at 65-70 "'C for 3 days. Three kinds of
mono- and trihydridosilanes and two kinds of dihydridosilanes were used to modify
chromium surfaces in the vapor phase and in heptane. Water contact angle data for
covalently attached layers from hydridosilanes in the heptane and in the vapor phase are
shown in table 4.5 and 4.6. respectiveh'. All mono-, di- and tri-hydridosilanes react with
chromium surfaces as assessed by high water contact angle values (Table 4.5 and 4.6).
Contact angle values for the trihydridosilane-derived layer prepared by solution reaction
increase with chain length. In the case of the hexylsilane-derived layer, water probably
penetrates the la} er and interacts with the surface -OH groups. In the \'apor phase
reactions, contact angles for h}'dridosilane-deri\'ed layers decrease with chain length.
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hydridosilanes
Reaction
conditions
waier L.oniacL angle
(Oa/Or O)
n-CigHgySiHs
Heptane, 70
3days. O2 plasma 108/85
n-CgHpSiHs
Heptane, 70 C
3days. O2 plasma
95/58
n-QHi3SiH3 Heptane. 70
3days. O2 plasma
86/42
(C6H5)2SiH2
Heptane, 70 C
3days. O2 plasma
93/61
C6H5CH3SiH2
Heptane, 70
3days. O2 plasma
96/55
C7H7(CH3)2SiH
Heptane, 70 C
3days. O2 plasma 77/24
(n-C6H,3)3SiH
Heptane, 70
3days. O2 plasma
103/60
(i-C3H7)3SiH
Heptane, 70
3days. O2 plasma
92/52
Table 4.5 Water contact angle data (6a/0r) in degrees (deg) for chromium surfaces
treated with hydridosilanes in solution
hydridosilanes conditions
Water Contact angle
OveR O)
n-Ci8H37SiH3
Vapor Phase. 70 C
3days. O2 plasma
101/87
n-CgHpSiHs
Vapor Phase. 70 '-^C
3days. O2 plasma
103/88
n-C6Hi3SiH3
Vapor Phase. 70
3days. O2 plasma
108/81
(C6H5)2SiH2
Vapor Phase. 70
3days. O2 plasma
93/62
C5H5CH3SiH2
Vapor Phase. 70
3days. O2 plasma
94/63
C7H7(CH3)2SiH
Vapor Phase. 70 ^'C
3days. O2 plasma
89/50
(n-C6Hi3)3SiH
Vapor Phase. 70 ^-C
3days. O2 plasma
90/50
(i-C3H7)3SiH
Vapor Phase. 70 C
3days. O2 plasma
94/64
Table 4.6 Water contact angle data (6a/6r) in degrees (deg) for chromium surfaces
treated with hydridosilanes in the vapor phase
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Hvdridosilane
Reaction XPS Atomic {%f
conditions Si C Cr 0
O2 plasma cleaned
-0 17.90 33.50 48.60
-0 9.60 41.40 49.00
Heptane. 70 3.45 43.10 16.55 36.85
3days. O2 plasma 2.25 27.55 26.85 44.70
Heptane. 70 1.80 35.20 21.00 42.00
3days. O2 plasma 0.90 18.10 33.30 47.70
Heptane. 70 C 3.40 41.20 15.65 41.00
3days. O2 plasma 3.20 25.25 28.25 43.35
Heptane. 70 oC 2.50 41.20 18.20 41.20
3days. O2 plasma 1.90 27.30 27.00 43.80
Heptane. 70 6.30 42.00 13.60 38.10
3days. O2 plasma 4.50 28.00 21.70 45.10
Heptane. 70 1.40 52.60 10.70 35.30
^days. O2 plasma 0.80 34.10 23.00 42.00
Heptane, 70 0.90 37.80 21.30 39.90
3days. O2 plasma 1.90 24.30 28.50 45.30
Heptane. 70 6.20 28.40 18.30 47.10
3days, O2 plasma 2.80 16.90 28.30 51.00
chromium surface
n-Ci8H37SiH3
n-CgHnSiHs
n-C6Hi3SiH3
(C6H5)2SiH2
C6H5CH3SiH2
C7H7(CH3)2SiH
(n-C6Hi3)3SiH
(i-C3H7)3SiH
^ Upper rows are 1 5*^ takeoff angle data and lower rows are 75° data.
Table 4.7 XPS analysis of hydridosilane-derived layers prepared in solution on
chromium surfaces
Hexylsilane layers prepared from vapor phase reactions exhibit contact angle values of
108°/81°. indicating that water interacts mostly with methyl groups.
Tables 4.7 and 4.8 show XPS atomic composition data prepared by reaction of
hydridosilanes in heptane and in the vapor phase, respectively. After silanization, all
surfaces show an increase in carbon content and a decrease in chromium content due to
layer formation. An appearance of silicon on most of the surfaces is observ^ed after the
reactions.
IOC
Reaction XPS Atomic (%
Hydridosiiane
conditions Si c Cr 0
chromium surface O2 plasma cleaned
-0
-0
17.90
9.60
33.50
41.40
48.60
49.00
n-CisHsySiHs
Vapor Phase. 70 oC
3days. O2 plasma
5.90
4.75
57.85
36.95
8.45
18.65
27.80
39.75
n-CgH^SiHs
Vapor Phase. 70
3days. O2 plasma
10.70
10.90
70.90
65.10
0.40
1.10
17.90
22.90
n-QH.sSiHs
Vapor Phase. 70 -^C
3days. O2 plasma
13.60
12.50
46.90
26.00
2.50
12.50
37.00
46.90
(C^H.OzSiH:
Vapor Phase. 70
3days. O2 plasma
2.50
1.75
34.25
19.4
22.15
32.80
41.15
46.05
C6H5CH3SiH2
Vapor Phase, 70 -^C
3days. O2 plasma
4.95
2.90
41.85
26.45
14.65
25.35
38.55
45.25
C7H7(CH3)2SiH Vapor Phase, 70 ^^C 0.3 26.00 27.50 46.25
3days, O2 plasma 0.7 14.95 36.30 48.00
(n-C6Hi3)3SiH
Vapor Phase. 70 oC
3days. O2 plasma
<.l
<.l
26.25
17.4
28.15
34.30
45.55
46.95
(i-C3H7)3SiH
Vapor Phase. 70
3days. O2 plasma
6.95
4.15
27.30
16.05
18.55
30.00
47.15
49.75
^ Upper rows are 1 5'' takeoff angle data and lo\\'er rows are 75° data.
Table 4.8 XPS analysis of hydridosilane-derived layers prepared in the vapor phase on
chromium surfaces
Octadecylsilane was chosen to study the kinetics of solution phase reaction. The
kinetics was followed by water contact angle (figure 4.5) and carbon content
(determined by XPS, at 1 5° and 75°) (figure 4.6). Significant hydrophobization occurs in
an hour, but the reaction is not complete until 24 hours. The reaction of chromium
surfaces with octadecyltrichlorosilane is faster than with octadecylsilane. Decrease in
water contact angle values at longer reaction times is not observ ed in the reaction of
chromium surfaces with octadecylsilane as it was in octadecytrichorosilane-derived
la} ers due the oxidation of already formed layers.
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Figure 4.5 Water contact angle (O.VQr) data versus reaction time of grafted
octadecylsilane (Samples were prepared in heptane at 70 '^C.) on chi-omium surfaces.
The closed symbols are advancing angles and the open symbols are receding angles.
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Figure 4.6 Carbon content (determined by XPS) for octadecylsilane-derixed clii-omium
surfaces (, 15" take off angle, 0, 75'' take off angle) as a function of reaction time
(Samples were prepai-ed in heptane at 65-70 °C)
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Figure 4.6 shows carbon content (determined by XPS) for chromium surfaces
prepared by the reaction of octadecylsilane in heptane at 65-70 V as a function of
reaction time. Carbon content increases as the reaction time increases and reaches a
plateau at 24 hours.
4.4 Conclusions
In this chapter, it is shown that alkylchlorosilanes and hydridosilanes react with
chromium surfaces in solution and in the vapor phase at elevated temperatures.
Alkylethoxysilanes also react with chromium surfaces in the vapor phase. The la\ ers all
show high contact angle results. The XPS results in all cases show an increase in carbon
content and a decrease in chromium content due to the layer formation. The kinetics of
octadecylchlorosilane in toluene in the presence of amine at 65-70 °C shows that the
reaction is fast and complete in an hour as assessed by contact angle measurements,
whereas the kinetics with octadecylsilane in heptane show that the reaction is not as fast
as the reaction of octadecylchlorosilane in toluene in the presence of amine at 65-70 °C
and the reaction is complete in 2 days as assessed by contact angle measurements.
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CHAPTER 5
REACTION OF HVDRIDOSILANES WITH OXIDIZED SILICON
5.1 Introduction
Modification of surface properties of inorganic materials with reactive
organosilanes is a process that is widely used in both research and technology.'""
Organosilanes with the general formula (RpSiXa-n) (where X=C1 or OAlk or NMe:) have
been used to modify silicon.^"''(R can be methyl group, long alkyl chains, perfluoroalkyi
chains and other end-functionalized long chains.) Reports that have appeared used
different reaction conditions (vapor phase and solution phase) and different substrates
(silica, glass, quartz, silicon wafer).
It has been shown that the monofunctional organosilanes (having only one-
hydrozable groups) give reproducible suiface structures because there is only one type of
grafting possible, covalent attacliment to the surface by chemical bonds (Sis-O-Si). The
structure of these monolayers has been studied extensively for porous and nonporous
highly dispersed silicas. The results of reaction conditions '^"' bonded layer structure
and dynamics^'""'^ '^""*^, phase transitions of bonded layers''"""^ have been discussed in
number of publications. Silica contains'"^ -5 silanol groups per nm'and ^60% can react
with alkyldimethylsilanes. The maximum bonding density of alkAidimethylsilyl groups is
limited by the size of dimethylsilyl group and decreases slightly with larger alkyl
groups"\ The cross-sectional area of an alkyldimethyl group in a densely packed
monolayer'"'""" is 32-38 A". This value is almost the twice the area per alkyl chain in
dense monolayers of self assembled alkyltrichlorosilane monolayers. (^20 A").""'*' The
McCarthy group has reported detailed wettabilit}^ studies of monolayers prepared with
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monofunctional silanes.^ Dense monolayers of monofunctional silanes project disordered
alk}'l chains toward the probe liquid. Water contact angles (Ga/6b= -~105°/~94*^) do not
change as the alkyl chain length increases, indicating that water does not penetrate the
monolayers.^ Hydrophobization is achieved topologically. and monolayers prevent the
water from penetrating and interacting with the residual silanols. The studies also indicate
that the complete monolayers (of the same silane) can differ in bonding density
depending on the reaction conditions.
Trifunctional silanes (RSiX.V) are more reactive than monofunctional silanes. They
have the capabilit}' of polymerizing in the presence of water, which gives a number of
possible structures. (These are discussed in the introduction section of Chapter 4.) The
self assembly process of alkyitrichlorosilanes is well understood. The anchoring groups
in self assembled monolayers (SAMs) are impelled together by strong lateral siloxane
bonds and van der Waals interaction between the alkvd chains. The bonding with the
surface is very small in self-assembled monolayers (SAMs) so monolayers of the same
quality' can be prepared on different substrates.' " The structure of SAMs has been
characterized by different techniques, and the highly ordered and densest monolayers
contain closed-packed' 4.5-5 groups per nm". All chains attain vertical all-trans
conformation. The water ad\ ancing and receding contact angles of SAMs derived from
long-chain alkyl trichlorosilanes are reported as ~ 1 10-1 15*^ and -100'^ respectively,
indicating pure methyl-terminated surfaces.
Under certain conditions, trifunctional and difunctional silanes react with the
surface silanol groups in a covalent attachment marmer. The covalent attachment has
been referred to as poor self-assembly due to its lower bonding densit}'. Covalently
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attached monolayers have been prepared with dr}' siHca at elevated teinperatures"'""'"'and
in the presence of amines at room '^'^'or elevated temperatures. '^"^^ The McCarthy group
has shown that the co\'alently attached monolayers (prepared by
alk} lmeth> ldichlorosilanes and alkyltrichlorosilanes with silicon wafers in toluene with
base catalyst at elevated temperatures) are thinner than the fully stretched alkyl chains
(SAMs) and the alkyl chains are disordered/^ The average number of bonds with the
silica surface per silane molecule is not completely clear yet in the covalently attachment
process. According to the some characterization reports 1:1 (one Sis-O-Si bond) as
well as 1 :2 (two Sij-O-Si bonds) grafted structures are present on the on the surfaces but
structures (1:3) with three Sis-O-Si bonds (when trifunctional silanes are used) are not
formed due to steric reasons.
Polymeric or oligomeric grafted layers were reported for the reaction of
methyltrichlorosilanes"' and dimethylchlorosilanes^^"^'^ with glass in the vapor phase, the
reaction of alk}'lchlorosilanes with high surface area silicas"*", and the reaction of
alkyltrichlorosilanes and alkyldimethylchlorosilanes^" (which have high vapor pressure)
with silicon wafers in the vapor phase.
As society raises concerns about the environmental issues, research on the
reducing the use of volatile compounds and the generation of aqueous waste become
important. The McCarthy group"*' has reported modification of silica surfaces with
alkylchlorosilane by using liquid and supercritical carbon dioxide as a soh ent.
Monochlorosilanes yielded monolayers; dichloro- and trichlorosilanes yielded oligomeric
layers on the surfaces
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Table 5. 1 shows the water contact angle and layer thickness data for CgHiySi
and CigHsySi layers (supported on silicon dioxide) reported in the literature. The layer
structure depends on the preparation method and reaction conditions. N-
oct\ ltrichlorosilane was shown to react with silica surfaces yielding oligomeric layers,
covalently attached monolayers and SAMs. Co\ alently attached monolay ers and SAMs
are reported for the reaction of n-octadecyhrichlorosilane with silica surfaces.
Until now. modification of silicon surfaces with hydridosilanes has not been
reported. In this chapter, the modification of oxidized silicon surfaces with mono- and
trihydridosilanes under three different conditions (in vapor phase, in toluene and in
SCCO2) is described. The silylation of silica surfaces with hydridosilanes is illustrated
below.
5/;„,, -0H + R^.„SiH„,, > 54,,, -O - SiR,_„H„ + H,
5.1.1 Supercritical C02(ScC02)
The diagram in figure 5.1 is a phase diagram of a pure substrate. The
supercritical fluid (SCF)"*""*^ is defined as a substance above its critical pressure (Pc) and
critical temperature (Tc). In this region, the boundar>' between liquid and gas disappears.
SCFs generally have gas-like diffusivity and have liquid like density. The density of
SCFs can be adjusted by temperature and pressure. Carbon dioxide (CO2) has a fairly
low critical point at 31.1 '^C and 72.8 atm. Its abilit}' to achieve its supercritical state
under mild conditions makes CO2 a good candidate for fundamental research and
applications of supercritical fluids. CO: is non-toxic, nonflammable, abundant and
inexpensive. CO: can be recycled because it is gas at ambient conditions. CO: reduces the time
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and cost of soh ent separation and dr\ ing because after releasing CO: - no solvent residue is left.
CO: has a \ er\ high diftusi\ it\ . relati\ eh low viscosity, and zero surface tension. A comparison
of some physical properties among liquids, gases and supercritical fluids are listed in table 5.2.
E\ en for liquid CO; at room temperature, the self-difftisivit\' is 10'"-10"'' cnr/sec. an order of
magnitude higher than the diffusivit) of solutes in normal liquids."*^
1
\ ......
1
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y \
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f
SOLID LlQlllO /
y/^ GAS
TEVPERATL'RE
Figure 5.1 Phase diagram of a pure substance
diffusivity
(cnr/sec)
viscosit}'
(cps)
densit}'
(g/mL)
surface tension
(dya/cm)
Liquid 10-^ 1 1.0 20-50
Supercritical Fluid 10-^ 0.03 0.2-0.8 0
Gas 10-' 10"- 10'-^
Table 5.2 Physical propei"ties comparison for liquids, gases and supercritical fluids
CO: can dissolve many organic molecules to some extent but not most polar
molecules and high molecular weight molecules. However by adding co-solvent and
surfactants, the solubility of other molecules in CO2 can be enhanced. ScCO: has a
tunable solvent strength and by external control of temperature and pressure, molecules
and fractions can be selectively dissolved or precipitated in ScCO:
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5.2 Experimental
5.2.1 Materials and Methods
All chemicals were used as received as unless noted otherwise. Toluene (HPLC),
methylene chloride (HPLC). sulfuric acid, hydrogen peroxide (HzO:). sodium
dichromate, ethanol and acetone were purchased from Fisher. All silane reagents,
n-octadecylsilane (n-CigHsySiH.:;). n-oct}isilane (n-CgHnSiHj), and tri-n-hexylsilane
((C6Hi5)3SiH) were purchased from Gelest. Anh} drous toluene was purchased from
Aldrich. Water was purified using a Millipore Milli-Q system that involves reverse
osmosis, ion exchange and filtration steps. Carbon dioxide (Coleman grade 99.99%.
Merrian grade) was passed trough columns containing acti\'ated aluminum and copper
catalyst (Engelhard Q-5) to remove water and ox}'gen respectiveh'. A motorized sp ringe
pump (ISCO model lOODM) was used to pressurize the carbon dioxide. Silicon wafers
were obtained from International Wafer Service (<100>orientation. P/B doped. 20-40 Q.
cm, thickness 450-575 |im). Ellipsometric measurements were done using a Rudolph
Auto El-II automatic ellipsometer. The light source is He-Ne laser(A = 623.8 nm) . the
incident angle is 70" and the compensator is-45'\ Measurements were performed on three
to five spots on each sample. The thicknesses was calculated by transparent double layer
model using a dafBM software (silicon substrate / silicon oxide / alk} lsilanelayer /air)
with the following parameters: silicon substrate = 3.858, = 0.018 (imaginary part of
the refractive index); air, = 1; alkylsilane layer. = 1.45: silicon oxide layer: =
1.462. Contact angle measurements were made with a Rame-Hart telescopic goniometer
and a Gilmont syringe with a 24-gauge flat-tipped needle. Water was used as the probe
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liquid. Advancing and receding contact angle was recorded while the water was added
and withdra\\n from the drop, respectivel}'. The values are averages of 4-5 measurements
made on different areas of samples.
5.2.2 Pretreatnient of Silicon Substrates
Silicon substrates used in this study were cleaned by two different methods. In the
first method, wafers were cleaned by a Hanick Scientific O2 plasma cleaner at high
power settings for 5 minutes prior to use. The oxide layer on the wafers after plasma
treatment was determined to be -25 A b>" ellipsometry. In the second method, the wafers
were held in a custom designed holder and \\ ere rinsed with water and put in a freshly
prepared mi.xture of 7 parts of concentrated sulfuric acid containing dissolved sodium
dichromate (-3-5 wl %) and 3 parts of 30% hydrogen peroxide. Upon preparation, the
solution turns from red-brown to green, warms to 80-90 '^C. and foams extensively due to
the formation of oxygen and ozone. Wafers are submerged in solution overnight, rinsed
with copious water and placed in oven at 125 ''C for 1-2 hours. Silanizations were caiTied
out immediately after treating wafers in this fashion. The oxide layer on the wafers after
this treatment was determined to be 22 A by ellipsometr>'.
5.2.3 Reaction of Silicon Wafers with Hydridosilanes in the vapor phase
Silicon wafers were cleaned as described above. The wafers were immediately placed in
the reaction tube containing the h>'dridosilane of choice. Samples were placed in a
custom-made wafer holder and suspended in a Schleiik tube containing 1 niL of
silane.(Figure 5.2 ) There was no contact between the silane and the silicon substrates.
The reaction tube was placed in an oil bath and heated to 65-70 ""^C for a day. After the
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reaction, the wafers were rinsed with toluene, methylene chloride, ethanol and distilled
water in this order, and then dried in a clean oven at 125 °C for 10 minutes.
suspended wafers
^ si\lane
Figure 5.2 Schematic of the Schlenk tube used for the vapor phase reaction of
hvdridosilanes.
5.2.4 Reaction of Silicon wafers with Hydridosilanes in Solution
Silicon wafers were cleaned as described above. The wafers were immediately
placed into the reaction flask. The reaction flask was similar to the one that was used for
the vapor phase reactions with the exception that the top included a 4 mm Teflon
stopcock and joint capped with a rubber septum to facilitate cannulation and additions
via syringe under an inert atmosphere. Anhydrous toluene (-25 mL) was cannulated
into the reaction tube and the hydridosilane (1 mL) of choice was added via syringe.
The reaction tube was placed in an oil bath and heated to 65-70 '^C for 3 days, unless
otherwise noted. After the reaction the wafers were rinsed with toluene, methylene
chloride, ethanol and distilled water in this order, and then dried in a clean oven at 125
°C for 10 minutes.
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5.2.5 Reaction of Silicon wafers with Hydridosilanes in ScCOi
Silicon wafers were cleaned as described above. Wafers were placed in a 8.5 mL
stainless steel high-pressure vessel that contains the hydridosilane (1 mL)of choice. The
vessel was filled through a needle valve with -5 g of CO2 (40 ''C, 1385 psi). The vessels
were placed in oil bath at 40 for 3 days unless otherwise noted. After the desired
tinie, the silane/COi was vented into ethanol. The wafers were removed and rinsed with
toluene, methylene chloride, ethanol and distilled water in this order, and then dried in a
clean oven at 125 °C for 10 minutes.
5.3 Results and Discussion
5.3.1 Reaction of Silicon surfaces with Tri-n-Hexylsilane
Chemically grafted monolayers of tri-n-hexylsilane w^ere prepared by reaction of
tri-n-hexylsilane with silicon wafers under tliree conditions: (1) in the vapor phase at
65-70 "C, (2) in toluene at 65-70 X and (3) m ScCOi at 40 °C (1385 psi).(Figure 5.3)
The surfaces were cleaned using two different methods: (1)0: plasma for 5 minutes and
(2) piranha solution overnight.
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Si Si Si
\ \ /
(CH2)5CH3
OH OH OH 0 0 0
(CH3(CH2)5)3SiH
I
Si
Si
Figure 5.3 Schematic representation of the reaction of tri-n-hexylsilane with the Si/Si02
Table 5.3 shows water contact angle data and layer thickness data of tri-n-
hexylsilane-derived monolav ers on silicon prepared under different conditions . Tri-n-
hexylsilane reacts with silicon surfaces cleaned with O2 plasma (OPCSS) under all
conditions as assessed by water contact angle and ellipsometn data. Tri-n-hexylsilane-
derived monolayers on OPCSS have thicknesses of ~6-7 A. independent of reaction
conditions. The most hydrophobic surface is obtained from the vapor phase reaction
(940/79O)
Monolayers prepared from toluene and ScCO: on OPCSS exhibit contact
angle values of 86*^/66'^ and 86767°. respectively. This indicates that water interacts
with silanols on the surfaces and bonding density is low on the surfaces. Tri-n-
hexylsilane only reacts with silicon surfaces cleaned with piranha solution (PCSS) in
the vapor phase at elevated temperatures. Tri-n-hexylsilane-derived monolayers on
OPCSS and PCSS prepared from vapor phase show similar water contact angle values
and thicknesses.
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Cleaning Conditions
Reaction conditions
Ozplasma Piranha solution
Contact angle Thickness Contact angle Thickness
(MA)) (Qa/Qk O) (A(A))
Vapor pliase
3 days, at 65-70 'C
94/79 6 93/77 6
Toluene , 3days,
86/66 7 59/34 0
at 65-70 "C
ScCO: 3 days,
86/67 6
1385 psi at 40 T
Table 5.3 Water contact angle data (Oa'Or ) in degrees (deg) and layer thickness (from
ellipsomet} ) in angstroms (A) for surfaces prepared by reaction of tri-n-hexylsilane
under different conditions
The kinetics of the reaction of tri-n-hexylsilane with OPCSS and PCSS in the
vapor phase was followed b}- water contact angle; the data are plotted in figure 5.4 and
5.5. The reaction of tri-n-hexylsilane w ith OPCSS shows significant hydrophobization
in an hour and the reaction is completes in 24 hours. The reaction of tri-n-hex\'lsilane
with PCSS is slower than the reaction of tri-n-hexylsilane with OCDSS. The reaction
with PCSS is complete in 48 hours.
Figure 5.6 and 5.7 show monolayer thickness on OPCSS and PCSS as a function
of reaction time. In both cases the thickness increases as the reaction time increases.
The monolayer thiclcness on both of the surfaces was -7 A at longer reaction times.
118
100
0)
O)
0)
T3
80- ••
60-O)c
TO
t3
f 40H
o
o
Q> 20-1
CO
O
o
o
• Advl
O Reel
50 100 150 200 250
time (h)
Figure 5.4 Water contact angle (0a/0r) data versus reaction time of Si/Si02-grafted tri-
n-hexylsilane (Samples were prepared in the vapor phase at 65-70 °C. Prior to reaction,
the wafers were treated with O2 plasma.) The closed symbols are ad\'ancing angles and
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Figure 5.5 Water contact angle (6a/0r) data versus reaction time of Si/SiO^-grafted tri-
n-hex\ lsilane (Samples were prepared in the vapor phase at 65-70 ''C. Prior to reaction,
the wafers were cleaned with piranha solution.) The closed symbols are advancing
angles and the open symbols are receding angles
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Figure 5.6 Layer thickness (from ellipsometiy) versus reaction time of Si/Si02-grafted
tri-n-hexylsilane (Samples were prepared in the vapor phase at 65-70 ^^C. Prior to
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Figure 5.7 Layer thickness (from ellipsometr\') vs reaction time of Si'Si02-grafted tri-
n-hexylsilane (Samples were prepared in the \'apor phase at 65-70 ''C. Prior to reaction,
the wafers v^ere cleaned with piranha solution.)
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5.3.2 Reaction of Silicon Surfaces with n-Octylsilane and n-Octadecylsilane
Silicon-supported alkylsiloxane layers were prepared by reaction of
octadecylsilane (in the vapor phase at 65-70 °C and in toluene at 65-70 ^^C) and
oct\ lsilane ((in the vapor phase at 65-70 "C, in toluene at 65-70 °C and in ScCO: at 40
°C) with silicon wafers. The wafers were cleaned by O2 plasma for 5 minutes. Figure
5.8 shows the different structures of layers that can form on the surfaces as a result of
different reaction conditions.
HO OH
R=CH3(CH2)7- or CH3(CH2)i7-
Figure 5.8 Schematic representation of the reaction of oct>'lsilane and octadecylsilane
with silicon surfaces and possible products of the reactions
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CH3(CH2)7SiH3 CH3(CH2),7SiH3
Reaction conditions
Contact
angle
(Qa/Qr O) (MA))
Contact
angle
(A(A))
Vapor phase,
1 day. at 65-70 ^'C
102/97 10 107/87 16
Toluene,
81/51 10 96/63 20
1 day, at 65-70 X
Vapor phase,
2 days, 65-70 T 102/95 11 100/75 14
Toluene.
2 days, at 65-70 T 87/61 95/76 32
Vapor Phase,
3 days, at 65-70 'C
102/96 9
ScCb2l385 psi
3 davs,at 40 °C
115/97 13
Silicon wafers are cleaned w ith O; plasma for 5 minutes
Table 5.4 W'ater contact angle data (6a/6r) in degrees (deg) and layer thickness (from
ellipsomet} ) in angstroms (A) for surfaces prepared by reaction of octylsilane and
octadecylsilane under different conditions
Table 5.4 shows the water contact angle and layer thickness data for surfaces prepared
by reactions of oct}4silane and octadecylsilane under different conditions. Reaction of
silicon wafers with oct\'lsilane in the vapor phase at 65-70 °C creates covalently
attached monolayers and contact angle data indicates that water does not interact with
the surface silanols. The hysteresis values in water contact angle data for n-octylsilane-
derived monolayers prepared in the \'apor phase are ver\- low (5-7'"^). The octylsilane-
derived layers in toluene show lower contact angle values than the monolayers prepared
in the vapor phase. This indicates that water penerates thi-ough the layer and interacts
with the surface silanols. Layers prepared in toluene at 65-70 °C for 2 days are
oligomeric as assessed by thickness results. The oct} lsilane-deri\ ed monola>'er prepared
in ScCO: exhibits contact angle values liigher than the self assembled monolayers
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reported in the literatui-e. Octadecylsilane-derived monolayers prepared in the vapor
phase show disordered and incomplete monolayer structure, and the residual silanols are
apparent by the low receding contact angles. Surfaces prepared from octadecylsilane in
toluene exhibit ver>' low water contact angle data due to an incomplete reaction.
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Figure 5.9 Water contact angle (Ga/6r) data versus reaction time of Si/Si02-grafted
oct> lsilane (Samples were prepared in the vapor phase at 65-70 °C. Prior to reaction, the
wafers were treated with O2 plasma.)The closed symbols are advancing angles and the
open symbols are receding angles
The kinetics of the reaction of silicon wafers cleaned with O2 plasma with
oct> lsilane in the vapor phase and in SCCO2 are followed by water contact angle data;
and the data are plotted in Figure 5.9 and 5.10. respectively. The reaction in the vapor
phase is very fast and is complete in 4 hours. The hysteresis of the oct\ lsilane-derived
monolayers prepared in the vapor phase is veiy low and the hysteresis does not increase
at longer reaction times. The contact angle values show that the octylsilane-derived
monolayers consist of methyl and methylene groups on the surface and these
monolayers are disordered. The reaction in ScCO: is also very fast and is complete
within a couple of hours. The slight changes in contact angle values are observed for the
oct} Isilane-derived monolaj ers prepeared in ScCOo as the reaction time increases.
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Figure 5.10 Water contact angle (6a/0r) data versus reaction time of Si/Si02-grafted
oct\ lsilane (Samples were prepared in ScCO: a 1385 psi at 40 '^C. Prior to reaction, the
wafers were treated with O: plasma). The closed symbols are advancing angles and the
open symbols are receding angles
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Figure 5.11 Layer tliickness (from ellipsometry) versus reaction time of Si/SiO:-
grafted oct}isilane (Samples were prepared in the vapor phase at 65-70 '^C. Prior to
reaction; the wafers were cleaned with O2 plasma.)
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Figure 5.12 Layer thickness (from ellipsometr>') vs reaction time of Si/Si02-grafted
octylsilane (Samples were prepared in ScCO: at 1385 psi at 40°C .Prior to reaction: the
wafers were cleaned with 0: plasma.)
Figures 5.1 1 and 5.12 show layer thickness data of octylsilane-derived
monola}'ers in the vapor phase and in ScC02 as a function of reaction time, respectively.
In the vapor phase reactions, the monolayer thickness increases as the reaction time
increases until some point, and after that time a slight decrease is observed (Figure
5.12). The thickness of these monolayers is consistently less than the length of fully
stretched oct>'lsilane, which argues for a disordered monolayer structure. The
monola>"er thickness increases as the reaction time increases in ScC02 and at high
reaction times the thickness is 13 x4 which is the value of the length of a fully stretched
octs'lsilane. This is also consistent with the water contact angle data.
5.4 Conclusions
Silicon-supported alkylsiloxane layers are prepared by the reaction of tri-n-
hexylsilane and n-octylsilane in the vapor phase, in toluene and in ScCO: at elevated
temperatures, and n-octadec} Isilane in the vapor phase and in toluene. The layer
structure depends on the reaction conditions. The kinetics of reaction of tri-n-
hexylsilane in the vapor phase with silicon wafers (O2 plasma or piranha solution
cleaned) was investigated. The kinetics of the reaction of oct}isilane in the vapor phase
and in SCCO2 at elevated temperatures with silicon wafers {O2 plasma cleaned) was also
investigated.
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